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Preface 


The  National  Bureau  of  Standards  receives  frequent  requests  for  infor¬ 
mation  regarding  the  nature,  construction,  and  use  of  Geiger-Miiller 
counters.  This  circular  has  been  prepared  to  supply  this  information  in  a 
brief  and  elementary  form  that  still  includes  a  description  of  the  more  im¬ 
portant  features  of  the  basic  mechanism  by  which  these  counters  detect 
the  various  types  of  radioactive  radiations.  Specific  examples  of  the  various 
forms  of  counters  that  have  been  developed  for  particular  uses  are  illustrated 
to  indicate  the  diversity  of  modifications  that  are  possible.  The  term  “Geiger 
counter'’  often  is  intended  to  include  the  accessories  that  are  necessary  to 
obtain  an  indication  of  the  response  of  the  counter  to  radiation.  Therefore, 
a  discussion  of  some  of  the  electronic  circuits  commonly  used  for  this  purpose 
is  included.  A  brief  bibliography  of  scientific  papers  relating  to  this  subject 
offers  an  opportunity  for  those  readers  who  wish  to  pursue  the  subject  in 
more  detail  to  become  familiar  with  the  literature  in  this  field. 


E.  U.  Condon,  Director. 
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I.  Introduction 


i  The  Geiger-Miiller  counter,  which  has  become 
one  of  the  most  important  detectors  of  radioac¬ 
tive  radiation  in  use  today,  has  evolved  from 
attempts  to  use  electrical  methods  for  the  detec¬ 
tion  of  alpha  particles.  The  counting  of  these 
!  particles  was  an  essential  part  of  the  experi¬ 
ments  performed  by  Rutherford  and  his  stu¬ 
dents,  which  led  to  the  confirmation  of  the  Bohr 
concept  of  the  atom  as  consisting  of  a  dense  core 
having  a  positive  charge  surrounded  by  elec¬ 
trons.  In  these  experiments  alpha  particles  were 
used  to  probe  the  interior  of  the  atom,  and  from 
the  relative  numbers  of  the  particles  emerging 
at  various  angles  the  essential  features  of  the 
atomic  structure  were  deduced.  The  simplest 
method  for  detecting  alpha  particles,  and  the 
one  used  almost  exclusively  in  these  experi¬ 
ments,  was  that  of  counting  visually  the  minute 


Figure  1.  Apparatus  used  by  Rutherford  and  Geiger 
for  electrical  counting  of  alpha  particles. 


S— source,  W=center  wire,  T=metal  tube,  E=quadrant  electrom¬ 
eter,  B=battery,  R=resi3tor  for  discharging  the  center  wire  system. 

flashes  of  light  produced  when  an  alpha  particle 
strikes  a  screen  on  which  zinc  sulphide  has  been 
deposited.  These  scintillations  were  observed 
through  a  microscope  of  low  power  requiring 
the  concentrated  attention  of  the  observer.  This 
method  of  securing  data  was  slow  and  tedious, 
requiring  a  number  of  observers  to  reduce  the 
effects  of  fatigue  of  the  eye.  The  data  secured 
in  this  way  was  of  inferior  accuracy  because  the 
total  number  of  particles  cgunted  was  usually 
limited  to  bring  the  time  required  for  an  experi¬ 
ment  within  a  reasonable  limit.  It  is  not  surpris¬ 
ing  that  from  time  to  time  attempts  were  made 
to  devise  electrical  methods  for  counting  par¬ 
ticles.  The  basis  for  such  an  electrical  method  is 
the  production  of  ions  by  alpha  particles  as  they 
pass  through  a  gas.  The  trail  of  ions  left  by  the 
particles  constitute  electric  charges,  which  it 
was  presumed  could  be  collected  by  an  electric 
field  and  detected  to  reveal  the  passage  of  each 
particle.  The  ionization  process  consists  initially 
of  removal  of  electrons  from  neutral  gas  atoms 
by  the  action  of  the  electric  charge  on  the  elec¬ 
trons  as  the  particle  passes  near  or  through  the 


atoms.  Therefore,  this  results  in  freeing  one  or 
more  electrons  from  each  atom  ionized  so  that 
the  residual  atom  is  ionized  positively.  Thus 
both  positive  and  negative  ions  are  formed. 
Those  with  positive  charge  are  heavy  compared 
with  the  electrons  and  therefore  move  much 


Figure  2.  Yariatioyi  of  the  electric  field  with  distance 
from  the  axis  of  the  center  wire. 

more  slowly  in  the  presence  of  an  electric  field. 
Ultimately  the  electrons  may  become  attached 
to  neutral  atoms  converting  them  into  heavy 
negative  ions.  Townsend,  in  1901,  discovered 
that  when  the  appropriate  electric  field  is  ap¬ 
plied  to  an  ionization  chamber  operated  at  a  re¬ 
duced  pressure,  ions  formed  in  the  chamber  can 
be  accelerated  to  velocities  where  they  also  will 
be  able  to  ionize  neutral  atoms  of  the  gas.  He 
found  that  this  resulted  in  a  very  sudden  increase 
of  the  ionization  current  until  it  had  a  value 
many  times  that  represented  by  the  original  ions. 
This  phenomenon  is  called  the  Townsend  ava¬ 
lanche  in  recognition  of  the  discoverer  and  of  the 
abrupt  nature  of  the  process. 

This  information  was  available  to  Rutherford 
and  Geiger,  who  in  1908  described  one  of  the 
early  attempts  at  electrical  counting  of  alpha 
particles.  The  device  used  by  them  is  illustrated 
in  figure  1.  The  counting  chamber  consisted  of 
the  brass  tube,  T,  fitted  with  ebonite  stoppers, 
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which  are  vacuum  tight.  A  central  wire,  w,  is 
supported  by  these  stoppers.  Provision  is  made 
for  evacuating  the  counting  chamber  and  an  at¬ 
tached  glass  tube  containing  the  source,  S,  of 
alpha  particles.  The  electrical  connections  con¬ 
sisted  of  a  battery,  B,  of  about  1,300  v  and  an 
electrometer,  E,  connected  to  the  wire  of  the 
counting  chamber  as  shown. 

A  ballistic  throw  of  the  electrometer  needle  of 
about  10  divisions  was  obtained  from  each  alpha 
particle  entering  the  counting  chamber.  This  ar¬ 
rangement  was  so  sluggish  in  response  that  only 
three  to  five  particles  per  minute  could  be  toler¬ 
ated  if  serious  overlapping  of  successive  throws 
of  the  electrometer  were  to  be  avoided.  The  geo¬ 
metrical  arrangement  of  the  electrodes  in  this 
counting  chamber  produces  an  intense  electric 
field  near  the  center  wire.  Actually,  for  a  con¬ 
stant  potential  difference  between  the  electrodes, 
the  field  varies  as  1/r,  where  r  is  the  distance 
from  the  axis  of  the  center  wire.  Figure  2  is  a 
curve  showing  this  variation  of  the  field  for 
values  of  r  from  0.5  to  8  mm.  This  particular  dis¬ 
position  of  electrodes  provides  high  electric  fields 
by  use  of  moderate  potentials.  It  has  other  ad¬ 
vantages  in  connection  with  Geiger-Muller 
counters  that  will  be  pointed  out  later. 


The  counting  chamber  of  figure  1  is  not  ac 
Geiger-Muller  counter,  although  in  form  it 
closely  approximates  such  a  device.  The  Geiger- 1 
Muller  counter  did  not  appear  until  20  years  ^ 
after  ^  the  development  of  the  alpha-particle  ■ 
counting  chamber.  The  chief  differences  in  con- ! 
struction  between  the  Geiger-Muller  counter  and  ‘ 
these  earlier  devices  consist  in  the  use  of  a  finer  -, 
central  wire.  The  gas  pressures,  the  voltages,  and  i 
the  diameter  of  the  tube  are  very  nearly  the  same| 
in  both  cases.  The  counting  chamber  described  | 
by  Rutherford  and  Geiger  had  a  tube  1.77  cm  inij 
diameter,  operated  at  a  pressure  of  2  to  5  cm  and]| 
at  a  voltage  of  1,320  v.  This  corresponds  roughly  ^ 
to  the  operating  conditions  for  present-day  j 
counters.  The  reason  that  this  counter  operated  | 
as  what  is  now  known  as  a  proportional  counter 
instead  of  as  a  Geiger-Muller  counter,  apparently 
is  that  the  center  wire  was  larger  than  is  re¬ 
quired  to  provide  Geiger-Muller  operation  at  the 
voltage  used.  The  wire  used  was  0.45  mm  in; 
diameter,  which  is  5  to  10  times  the  diameter  of . 
wires  used  in  Geiger-Muller  counters.  Small  vari¬ 
ations  of  diameter  of  the  center  wire  produce 
pronounced  changes  in  the  electric  field,  as  shown  ? 
by  figure  2,  where  distances  plotted  on  the  .r-axis? 
are  regarded  as  radii  of  the  center  wire. 


II.  The  Geiger-Muller  Counter 


The  brief  announcement  made  by  Geiger  and 
Miiller^  of  the  tube  counter  revealed  the  extraor¬ 
dinary  sensitivity  of  this  device  for  detection  of 
radioactive  radiation.  They  showed  that  1  mg  of 
radium  at  1  m  would  produce  5,500  counts  per 
minute  in  a  tube  counter  3  cm  in  diameter  and  17 
cm  long.  They  could  detect  the  gamma  rays  from 
potassium  with  ease,  something  that  had  previ¬ 
ously  been  demonstrated  by  the  use  of  extremely 
sensitive  electrometers.  The  tube  counter  was 
also  shown  to  be  sensitive  to  cosmic  rays. 

Although  the  basic  picture  has  not  been 
changed,  a  considerable  amount  of  more  definite 
information  is  now  available  regarding  the 
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Figure  3.  Diagram  of  the  counter  as  developed  by 
Geiger  and  Muller. 

T=metal  tube,  W=center  wire,  B=battery,  R^resistor. 


1  H.  Geiger  and  W.  Muller,  Phys.  Zs  29,  839  (1928). 


mechanism  by  which  the  Geiger-Muller  counter 
responds  to  ionizing  radiation.  In  the  course  of 
the  investigations  that  have  led  to  this  more 
complete  understanding  of  the  mode  of  action,  a 
number  of  improvements  in  the  design  and  oper¬ 
ation  have  been  made.  Therefore,  the  present- 
day  Geiger-Muller  counter  is  superior  in  many  - 
ways  to  the  original  model.  ! 

One  of  the  important  features  of  the  Geiger- 1 
Muller  tube  counter,  not  mentioned  in  the  orig-  ! 
inal  article  describing  it,  is  that  the  tube  must  be  ; 
at  a  negative  potential  with  respect  to  the  wire. 
The  reason  for  this  will  appear  from  a  descrip¬ 
tion  of  the  ionization  processes  in  the  counting ' 
operation.  Another  detail  of  the  original  tube 
counter  was  that  the  resistance  between  the  cen-  j 
ter  wire  and  source  of  potential  could  not  be  less  i 
than  10^  to  10^  ohms.  In  these  first  experiments  ; 
a  string  electrometer  was  used  to  detect  the  I 
pulses.  The  complete  circuit  of  the  counter  is  ; 
shown  in  figure  3.  In  this  instance  the  1,200  v  ; 
was  supplied  by  a  battery.  The  gas  in  the  tube  I 
was  air  at  about  5  cm  Hg  pressure.  ; 
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1.  Mode  of  Operation  j 

The  operation  of  the  counter  depends  on  the 
formation  of  Townsend  avalanches  within  the 
gas  of  the  counter  tube.  As  little  as  one  pair  of 
ions  is  sufficient  to  trigger  the  counter.  These  ■ 
primary  ions  begin  to  move  under  the  influence  i 
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of  the  electric  field,  the  positives  going  to  the  tube 
and  the  negatives,  largely  electrons,  moving  in 
I  the  direction  of  the  center  wire.  Thus  the  elec¬ 
trons  move  into  the  region  of  the  rapidly  increas- 
j  ing  electric  field  where  they  soon  acquire  suffi- 
I  cient  energy  to  produce  additional  ions  by  col- 
I  lisions  with  neutral  atoms  of  the  gas.  The  posi- 
j  tive  ions  move  much  more  slowly  because  of  their 
'  greater  mass,  and  therefore  do  not  produce  sig¬ 
nificant  amount  of  secondary  ions.  As  each  new 
*  generation  of  electrons  is  produced  it,  in  turn, 
acquires  sufficient  energy  to  ionize  the  gas  as  it 
i  moves  toward  the  wire.  The  result  is  great  ampli¬ 
fication  of  the  primary  ionization  by  the  time  this 
;  electrical  disturbance  reaches  the  wire.  The  am¬ 
plification  in  this  process  is  of  the  order  of  10 9. 
More  details  of  the  mechanism  of  the  action  of 
the  self-quenching  counters  will  be  given  in  the 
sections  dealing  with  this  form,  which  is  the  most 
common  form  in  general  use  at  present. 

The  description  of  the  process  that  produces 
a  pulse  outlined  above  implies  that  a  certain 
minimum  potential  is  required  across  the  coun¬ 
ter  before  it  will  operate  as  a  Geiger-Muller 
counter.  This  is  the  potential  at  which  electron 
avalanches  begin  to  form.  Above  this  potential 
the  size  of  the  individual  pulses  will  grow  with 
the  increase  of  voltage,  but  the  number  of  pulses 
per  second  for  a  constant  source  of  radiation 
should,  on  the  average,  remain  practically  con¬ 
stant.  This  condition  should  continue  until  the 
voltage  reaches  a  point  where  the  shielding  effect 
of  the  positive  ion  sheath  begins  to  break  down 
and  a  continuous  discharge  across  the  counter 
can  be  set  up.  This  prediction  is  verified  in  the 
curve  shown  in  figure  4.  In  this  graph  the  count¬ 
ing  rate  is  plotted  along  the  ?/-axis  and  the  po¬ 
tential  across  the  counter  along  the  a;-axis.  This 
data  is  taken  with  a  constant  source  of  radiation 
and  reveals  the  effect  of  the  increase  in  potential 
on  the  operation  of  the  counter.  The  value  of  the 
voltage  at  which  counting  begins  is  called  the 
starting  voltage.  In  some  cases  this  has  been  de¬ 
fined  as  the  extrapolated  intersection  of  the  ris¬ 
ing  curve  back  to  the  a;-axis.  This  helps  to  avoid 
the  ambiguity  in  the  determination  of  the  point 
at  which  counting  starts.  This  point  is  actually 
a  function,  to  some  extent,  of  the  sensitivity  of 
the  detecting  circuit.  The  nearly  horizontal  part 
of  this  curve,  called  the  plateau,  represents  the 
possible  working  range.  If  the  source  of  poten¬ 
tial  for  the  counter  is  somewhat  variable,  it  is 
usually  advisable  to  select  the  middle  of  the  pla¬ 
teau  as  the  mean  value  of  the  voltage  applied  to 
the  counter.  The  slope  of  this  plateau  in  a  good 
counter  is  not  over  2  to  5  percent  per  hundred 
volts  over  a  region  of  the  order  of  200  v.  The 
actual  slope  sets  the  limit  of  the  permissible 
fluctuation  in  the  high  voltages  for  a  given  ac¬ 
curacy  of  measurement. 

The  threshold  voltage  of  the  Geiger  counter  is 
defined  as  the  voltage  across  the  counter  at  which 
the  Geiger  action  begins.  As  has  been  mentioned. 


Figure  4.  Plateau  of  the  Geiger-Muller  Counter. 

T=starting  voltage,  A-B=working  range. 


in  this  region  the  pulses  for  a  given  voltage  are 
uniform  in  height.  The  threshold  is  usually 
greater  than  the  starting  voltage,  and  the  dif¬ 
ference  between  it  and  the  starting  voltage  de¬ 
pends  in  part  on  the  sensitivity  of  the  equipment 
used  for  detecting  the  pulses.  As  has  been  indi¬ 
cated,  counters  are  operated,  corresponding  to 
some  point  on  the  plateau,  at  a  voltage  in  excess 
of  the  threshold  voltage.  This  excess  is  called  the 
over-voltage.  The  magnitude  of  the  pulses  in¬ 
creases  with  the  over-voltage. 

In  the  Geiger  region,  which  occurs  when  the 
potential  applied  across  the  counter,  in  relation 
to  the  dimensions  of  the  center  wire  and  tube 
as  well  as  the  gas  pressure,  are  appropriately 
chosen,  all  pulses  are  closely  of  the  same  size  for 
a  given  voltage  regardless  of  the  number  of  pri¬ 
mary  ions  that  initiated  the  pulse.  This  is  a  natu¬ 
ral  result  of  the  large  gas  amplification  obtained 
in  the  electron  avalanche  type  of  discharge. 
When  the  avalanche  has  reached  it,  the  wire 
suffers  a  sudden  change  of  potential  as  the  result 
of  the  removal  of  the  positive  ions  from  the 
vicinity  of  the  wire  by  the  strong  electric  field 
in  this  region.  This  change  of  potential  is  in  the 
direction  of  lowering  the  potential  difference 
across  the  tube.  The  resistor  connected  to  the 
center  wire  has  a  high  value,  so  that  this  reduc¬ 
tion  of  potential  persists  for  a  measurable  time. 
This  process  results  in  the  interruption  of  the 
electrical  discharge  and  the  termination  of  the 
counting  operation.  The  resistor  permits  the 
charge  to  leak  off  the  central  wire,  thus  restoring 
the  counter  to  its  initial  condition,  ready  to  re¬ 
cord  another  count.  If  the  resistor  did  not  have 
a  value  of  the  order  of  10^  ohms,  a  continuous 
discharge  would  tend  to  form  in  the  counter  tube, 
fed  by  electrons  released  from  the  walls  of  the 
tube  by  the  impact  of  the  positive  ions.  This 
situation  is  characteristic  of  all  counters  using 
a  permanent  gas  for  filling.  These  counters  are 
also  slow  counters  due  to  their  long  recovery 
time.  This  time  is  related  to  the  value  of  RCy 
where  R  is  the  10^  ohm  resistor,  and  C  is  the 
capacity  of  the  wire  system.  This  capacity  is 
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usually  of  the  order  of  10  /x/xf  or  10“  farad. 
Therefore,  RC  is  equal  to  0.01  sec,  being  the  time 
required  for  the  wire  to  fall  to  1/e  of  the  maxi¬ 
mum  charge  in  its  potential.  Ions  formed  in  the 
counter  at  intervals  less  than  0.01  sec  apart 
could  hardly  be  expected  to  produce  clearly  de¬ 
fined  separate  pulses  in  the  counter. 

2.  External- Oi^enching  Circuits 

Attempts  have  been  made  to  convert  these 
slow  counters  to  relatively  fast  operation  by  use 


Figure  5.  Quenching  circuit  of  Neher  and  Harper  for 
rapid  extinguishing  of  the  counter  discharge  in  per¬ 
manent  gas  counters. 

The  counter  voltage  is  applied  at  +HV. 


of  an  external  electronic  quenching  circuit.  The 
function  of  this  circuit  is  to  reduce  the  potential 
across  the  counter  abruptly  whenever  an  initial 
discharge  occurs  in  the  counter.  Typical  quench¬ 
ing  circuits  are  shown  in  figures  5  and  6.  These 
circuits  are  fairly  effective,  but  they  have  sev¬ 
eral  disadvantages.  Among  them  are  that  the 
quenching  circuit  really  controls  the  operation 
of  the  counter.  Therefore,  it  may  introduce 
spurious  pulses  if  improperly  adjusted.  Further¬ 
more,  they  usually  require  application  of  volt¬ 
ages  to  electrodes  of  vacuum  tubes  that  are  far 
in  excess  of  the  normal  ratings. 


3.  Self- Quenching  Counters 

The  next  important  improvement  in  Geiger- 
Miiller  counters  consisted  in  adding  alcohol 
vapor  to  the  filling  gas  and  choosing  a  gas,  argon, 
which  does  not  easily  form  heavy  negative  ions. 
This  improvement  was  suggested  by  Trost.^  The 
value  of  this  type  of  filling  gas  can  be  more  read¬ 
ily  understood  by  a  detailed  consideration  of  the 
ionization  processes  by  which  a  pulse  is  regis- 


Figure  7.  Diagram  showing  steps  in  formation  of  an 
electron  avalanche  and  the  positive  ion  sheath. 

W=center  wire,  T=tube,  A=initial  ion  pair,  S=ion  sheath. 


tered  in  a  tube  counter.  If  we  consider  a  section 
of  the  tube  at  right  angles  to  the  axis,  it  has  the 
form  shown  in  figure  7,a,  where  a  newly  formed 
pair  of  ions  is  shown  at  A.  The  arrows  indicate 
that  the  negative  ion  or  electron  is  moving 
toward  the  wire  and  the  positive  to  the  tube. 
The  electrons  proceed  to  form  an  avalanche  in 
such  a  manner  that  the  majority  of  the  ions  are 
produced  very  near  the  center  wire.  This  process 
occurs  very  quickly,  resulting  in  the  collection 
of  the  electrons  on  the  center  wire.  Howaver,  the 
positive  ions  that  have  formed  a  sheath  about 
the  wire  move  much  more  slowly,  and  most  of 
them  therefore  are  at  some  point  intermediate 
between  the  wire  and  the  tube,  as  shown  in  fig¬ 
ure  7,b,  when  all  of  the  electrons  have  been  col¬ 
lected.  No  new  electron  avalanche  can  be  formed 
in  the  space  between  S  and  the  center  wire,  since 
the  electric  field  in  this  region  is  reduced  below 
the  point  at  which  electrons  acquire  sufficient 
energy  to  produce  the  ions.  This  condition  will 
continue  until  the  positive  ion  sheath  has  moved 
out  to  some  position  near  the  barrel  of  the 
counter  tube.  In  a  counter  filled  with  a  perma¬ 
nent  gas  the  positive  ions  in  the  sheath  can  eject 
electrons  from  the  metal  wall  of  the  tube  and 
thus  initiate  additional  electron  avalanches  which 
quickly  form  a  continuous  discharge.  Also,  it  is 
known  that  the  ionization  is  propagated  through¬ 
out  the  length  of  the  wire  by  action  of  the  ultra¬ 
violet  radiation  emitted  during  the  recombina¬ 
tion  of  ions  occurring  in  the  sheath  when  close 
to  the  wire.  This  radiation  can  also  contribute 
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2  A.  Trost,  Zs.f.Phys.  105,  399  (1937). 


Ito  the  production  of  a  continuous  discharge  by 
releasing  electrons  photoelectrically  from  the 
walls  of  the  tube. 

j  Alcohol  vapor  absorbs  photons  in  the  region 
of  energies  capable  of  strong  ionization.  Mole- 
.,cules  of  alcohol  vapor  also  have  the  property  of 
-absorbing  energy  from  positive  ions  resulting  in 
decomposition  of  the  alcohol  molecule,  but  in  the 
formation  of  no  light  negative  ions.  This  prop¬ 
erty  reduces  the  liberation  of  electrons  from  the 
walls  of  the  tube  by  positive  ions.  Similarly,  the 
[absorption  of  photons  by  alcohol  vapor  restricts 
the  ionization  by  photons  to  a  region  very  near 
the  center  wire.  Therefore  they  do  not  release 
electrons  at  any  point  where  an  avalanche  might 
be  created  as  a  result. 

The  effect,  therefore,  of  the  addition  of  the 
alcohol  vapor  has  been  to  produce  conditions  un¬ 
der  which  the  ionization  process  ceases  abruptly 
when  the  avalanche  reaches  the  center  wire. 
This  action  is  chiefly  independent  of  the  change 
of  potential  of  the  center  wire  on  arrival  of  the 
avalanche.  This  means  that  the  resistor,  R,  of 
figure  3  now  no  longer  plays  an  important  role 
in  the  interruption  of  the  discharge.  Conse- 
,  quently,  its  value  may  be  made  much  smaller 
without  interfering  with  the  operation  of  the 
counter.  Actually,  resistors  as  low  as  100,000 
ohms  have  been  used  with  argon-alcohol  count¬ 
ers,  and  1  megohm  is  commonly  used.  This  re¬ 
duces  the  time  constant  of  the  electrical  circuit 
attached  to  the  wire  to  the  order  of  10“ ^  sec. 
For  this  reason  vapor-type  counters  are  often 
called  fast  counters. 

A  variation  of  the  self-quenching  principle 
has  been  introduced  by  Liebson  and  Friedman^ 
by  using  a  halogen  gas  as  the  quenching  vapor. 
In  this  case  the  halogen  gas  performs  the  same 
role  as  alcohol  in  the  Trost  type  of  counter  and 
in  addition  results  in  a  lower  starting  voltage, 
since  the  halogen  gas  can  be  ionized  at  the  ex¬ 
pense  of  the  energy  in  the  metastable  atoms 
formed  in  the  noble  gas,  such  as  neon  or  argon. 
The  metastable  atoms  are  those  that  have  ac¬ 
quired  internal  energy  in  excess  of  the  normal 
without  being  split  into  ions.  Using  neon  as  the 
permanent  gas,  starting  voltages  as  low  as  400  v 
are  obtained  with  a  plateau  of  200  to  300  v  range. 
These  counters  have  an  indefinite  life  since  the 
quenching  vapor  is  not  exhausted  by  use  as  in 
the  case  of  alcohol.  Also,  unlike  the  alcohol  count¬ 
ers,  these  counters  are  not  ruined  when  sub¬ 
jected  to  voltages  above  the  range  of  the  plateau. 
Even  continuous  discharges  for  short  periods  of 
time  do  not  impair  this  type  of  counter. 


3  S.  N.  Liebson  and  H.  Friedman,  RS  I  19,  303  (1948). 


4.  Deadtime 

There  is  another  factor  that  affects  the  recov¬ 
ery  time  of  the  counter  that  we  temporarily 
overlooked  in  describing  the  ionization  process. 
This  is  the  time  required  for  the  positive  ion 
sheath  to  move  from  the  vicinity  of  the  center 
wire  out  to  a  point  where  an  electron  avalanche 
can  form.  During  this  interval  the  counter  is 
entirely  dead  and  will  not  respond  to  primary 
ions  formed  anywhere  within  it.  This  interval 
is  of  the  order  of  10“  ^  sec  and  determines  the 
maximum  rapidity  of  response  of  the  counter. 
The  deadtime  can  be  observed  experimentally 
by  using  a  cathode  ray  oscilloscope.  This  was 
first  demonstrated  by  Stever.^  When  the  center 
wire  of  the  counter  is  coupled  to  an  oscilloscope, 
with  a  sweep  triggered  by  the  pulses  from  the 
counter,  a  standing  pattern  is  developed  that 
consists  of  a  large  number  of  initial  pulses  super¬ 
posed  to  form  one  pulse  trace  on  the  screen.  At 
various  intervals  subsequent  to  this  initial  pulse 
the  next  observable  pulse  will  be  recorded.  Since 
the  pulses  in  the  counter  are  randomly  spaced 
these  after-pulses  will  be  at  variable  positions 
relative  to  the  initial  pulse  of  the  particular  trace 
recorded.  The  result  is  shown  in  the  diagram  in 
figure  8.  There  is,  as  expected,  an  interval  dur¬ 
ing  which  no  pulses  appear.  This  is  the  dead¬ 
time.  Beyond  this  interval  the  pulses  gradually 


Figure  8.  Diagram  showing  the  deadtime  and  subse¬ 
quent  gradual  recovery  of  pulse  size. 


build  up  to  the  original  size.  The  time  at  which 
this  has  first  occurred  is  the  recovery  time.  In 
the  process  of  increasing  in  size,  the  pulses  reach 
a  magnitude  at  which  they  will  begin  to  actuate 
some  recording  mechanism.  The  time  at  which 
this  occurs  is  the  resolving  time.  This  resolving 
time,  usually  somewhat  longer  than  the  dead¬ 
time,  is  the  time  during  which  the  counter  is 
unresponsive  in  a  particular  circuit.  Whereas 
the  deadtime  is  a  characteristic  of  the  counter 
itself,  the  resolving  time  depends  on  the  sensitiv¬ 
ity  of  the  detecting  circuit  in  which  the  counter 
is  operating. 


4  H.  G.  Stever,  Phys.  Rev.  61,  38  (1942). 
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III.  Special  Forms  of  the  Geiger-Miiller  Counter 


The  Geiger-Miiller  counter  has  been  made  in 
a  variety  of  forms  for  specific  uses.  It  will  detect 
any  radiation  capable  of  producing  as  much  as 
one  pair  of  ions  within  its  sensitive  volume. 
Therefore,  any  ionizing  radiation  that  can  pene¬ 
trate  to  the  sensitive  volume  either  directly  or 
by  means  of  secondary  effects  can  be  detected 
with  some  degree  of  efficiency.  Gamma  radiation 
will  penetrate  a  considerable  thickness  of  mat¬ 
ter,  hence  counters  for  use  with  this  radiation 
can  have  thick  metal  walls  enclosed  in  a  glass 
tube.  This  type  of  radiation  is  detected  by  means 
of  electrons  ejected  from  the  walls  of  the  metal 
tube.  Therefore,  the  efficiency  of  detection  will 
depend  on  the  thickness  of  the  wall  of  the  tube 
and  the  atomic  number  of  the  metal  from  which 
the  tube  is  made  for  a  given  energy  of  gamma 
radiation.  Beta  radiation,  on  the  other  hand,  is 
readily  absorbed  so  that  beta-ray  counters  must 
have  either  thin  walls  or  a  thin  window  through 
which  the  particles  may  enter.  The  efficiency  of 
detection  of  beta  particles  that  enter  the  sensi¬ 
tive  region  of  a  Geiger-Miiller  counter  is  prac¬ 
tically  100  percent.  Consequently,  the  over-all 
efficiency  of  beta-ray  counters  is  almost  com¬ 
pletely  determined  by  considerations  of  solid 
angles  and  absorption  in  windows,  air,  and  the 
source  itself. 

In  discussing  some  of  the  various  designs  of 
Geiger-Miiller  tube  counters  that  have  been  used 
for  specific  purposes  it  will  be  convenient  to  deal 
with  gamma-ray  and  cosmic-ray  counters  in  a 
separate  section  followed  by  discussion  of  beta- 
ray  counters.  Typical  examples  of  these  various 
counters  are  shown  in  figures.  Sufficient  detail 
is  given  in  most  instances  to  permit  the  con¬ 
struction  of  the  counters  from  these  illustra¬ 
tions. 


1.  Gamma-Ray  or  Cosmic-Ray 
Counters 

Gamma-ray  and  cosmic-ray  counters  differ 
essentially  only  in  size.  The  low  intensity  of 
cosmic  rays  requires  the  use  of  larger  counters 
than  is  needed  for  use  with  radioactive  sources 
emitting  gamma  rays.  Figure  9  shows  the  cross 
section  of  a  glass-enclosed  tube  counter.  For  de¬ 
tection  of  gamma  rays  this  counter  would  have 
a  diameter  of  approximately  1  in.  and  an  active 
length — length  of  exposed  center  wire — of  from 
3  to  10  in.  Cosmic-ray  counters  are  frequently 
larger  in  both  dimensions,  depending  on  the  spe¬ 
cific  use. 

It  is  sometimes  desirable  to  dispense  with  the 
glass  envelope.  This  is  accomplished  by  using 
the  metal  tube  as  the  container  for  the  gas  filling 
the  counter.  Figure  10  shows  a  gamma-ray  type 
of  counter  of  this  kind.  The  center  wire  is  sup¬ 
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ported  at  one  end  by  the  glass  to  Kovar  seal  at  K. 
The  other  end  is  insulated  by  the  glass  bead  B, 
which  is  supported  by  a  wire  that  passes  through 
the  metal  end  and  is  soldered  at  A.  The  tube  is 
pumped  and  filled  through  a  glass  tube  that  has 
been  sealed  off  at  S.  Counters  made  in  this  man- 


Figure  9.  Cross  section  of  gamma-ray  counter  sealed 
in  a  glass  tube. 


ner  are  usually  unrated  with  the  tube  at  ground  ■ 
potential  to  minimize  insulation  problems  and 
possibilities  of  electric  shock.  (See  fig.  22) 

The  form  of  counter  shown  in  figure  10  re-  ; 
duces  the  difficulties  frequently  encountered  of 
sensitivity  to  light.  The  interior  surface  of  the  i 
counter  barrel  often  becomes  photoelectrically  ; 
sensitive,  so  that  photoelectrons  are  ejected  by  ’ 
light  with  sufficient  energy  to  trigger  the  counter.  ! 


I - 1 - 1 - 1 - i  I 

0  12  3  4  I 

Inches  ; 

Figure  10.  All-metal  gamma-ray  counter.  , 

S=seal-off,  KrzKovar  seal,  B=glass  bead,  A=soldered  support  for 
end  of  center  wire. 

This  behavior  is  so  prevalent  that  glass-enclosed 
counters  are  usually  mounted  in  a  metal  housing 
that  is  light-tight.  This  arrangement  also  screens 
the  counter  from  strong  electrical  disturbances  . 
nearby. 

As  has  been  stated,  the  sensitivity  of  gamma-  : 
ray  counters  is  determined  in  part  by  the  metal  ^ 
of  which  the  counter  barrel  or  tube  is  made.  For  ^ 
gamma  rays  of  energies  of  from  0.5  to  1.5  Mev,  > 
metals  of  high  atomic  number  such  as  platinum  * 
or  bismuth  have  considerably  higher  efficiency 
than  copper  or  aluminum.  The  approximate  vari¬ 
ation  of  efficiency  is  shown  in  figure  11,  for  plati¬ 
num  (curve  A)  and  copper  (curve  B).  We  will  I 
now  consider  some  of  the  essential  differences 
between  beta-ray  and  gamma-ray  counters,  fol¬ 
lowed  by  a  discussion  of  some  particular  forms  . 
of  beta-ray  counters. 


Figure  11.  Relative  efficiencies  of  platinum-  and  copper- 
tube  counters. 

A=platinuin  tube,  B=copper  tube. 


2.  Beta-Ray  Counters 

The  measurement  of  beta  radiation  by  use  of 
Geiger-Miiller  counters  requires  modification  of 
the  form  used  for  gamma-ray  measurement.  The 
principal  change  is  made  necessary  by  the  lower 
penetrating  power  of  beta  rays.  These  rays  are 
less  able  to  penetrate  matter  than  gamma  rays 
of  the  same  energy.  They  are  formed  with  all 
energies  up  to  the  characteristic  maximum  en¬ 
ergy  for  a  particular  radioisotope,  therefore, 
even  those  isotopes  that  have  a  high  value  of 
the  maximum  energy  also  emit  some  fraction  of 
their  beta  rays  at  very  low  energies.  Conse¬ 
quently,  it  becomes  something  of  a  problem  to 
design  a  beta-ray  counter  so  that  a  large  fraction 
of  the  beta  rays  from  a  given  radioisotope  can 
enter  the  counter. 


3.  Range  of  Beta  Rays 

The  nature  of  this  problem  can  be  visualized 
by  considering  the  range  of  beta  rays  of  various 
energies.  The  maximum  range  for  these  particles 
is  defined  as  the  thickness  of  a  medium  for  com¬ 
plete  absorption.  It  is  convenient  to  express  this 
thickness  in  milligrams  per  square  centimeter, 
since  it  then  applies  to  absorbers  of  any  mate¬ 
rial.  In  other  words,  there  is  very  little  depend¬ 
ence  of  absorption  on  atomic  number.  Figure  12 
shows  approximately  the  range  (given  both  in 
mg/cm  2  and  mm  of  Al)  of  beta  rays  of  various 
energies  up  to  1.3  Mev.  This  curve  is  a  linear 
extension  of  the  curve  shown  at  least  up  to  3 
Mev.  Referring  to  this  curve,  we  find  that  a 
counter  with  walls  or  window  with  a  thickness 


Figure  12.  Maximum  range  of  beta  particles  of  various 
energies. 


of  approximately  130  mg/cm 2  (0.5  mm  of  alu¬ 
minum)  would  not  be  able  to  detect  any  beta  rays 
of  energy  less  than  450  Kev.  Similarly,  beta  rays 
of  100  Kev  maximum  energy  would  be  excluded 
entirely  by  a  window  of  about  14  mg/cm 2  thick¬ 
ness  or  about  0.05  mm  of  aluminum.  To  admit  a 
major  fraction  of  the  beta  rays  from  a  radioiso¬ 
tope  having  a  beta-ray  spectrum  with  a  maxi¬ 
mum  energy  of  100  Kev  would  require  a  window 
having  approximately  %o  the  range  thickness. 
This  can  be  recognized  from  the  consideration 
of  the  nature  of  the  continuous  beta-ray  spec¬ 
trum.  The  typical  shape  of  such  a  spectrum  is 
shown  in  figure  13.  The  solid  curve  shows  the 
general  form  of  the  continuous  spectrum.  The 
fraction  of  these  particles  that  would  be  detected 
by  a  counter  is  indicated  approximately  by  the 
dotted  curve  for  the  lower  energies.  Depending 
on  the  thickness  of  the  window,  no  particles  with 
energies  below  K'min  would  be  detected.  A  grad¬ 
ually  decreasing  fraction  would  be  absorbed  un¬ 
til  an  energy  is  reached  where  practically  all 
particles  are  transmitted  by  the  counter  window. 


Figure  13.  The  typical  form  of  a  beta-ray  spectrum 
( solid  curve )  in  relation  to  the  portion  transmitted  by 
a  thin  absorber  (dotted)  curve. 

All  particles  are  absorbed  with  energies  less  than  Emin. 

It  is  obvious  that  no  actual  counter  will  detect 
beta  rays  of  all  energies  emitted  by  a  radioiso¬ 
tope.  Since  windows  with  thicknesses  as  low  as 
2  mg/cm2  can  be  made  readily,  it  is  compara¬ 
tively  simple  to  make  counters  that  will  detect 
a  considerable  fraction  of  the  beta  rays  from 
isotopes  having  a  maximum  beta-ray  energy  as 
low  as  100  Kev.  Below  this  energy  the  problem 
becomes  considerably  more  difficult. 

4.  Thin-Walled  Cylindrical  Beta-Ray 
Counters 

One  of  the  simplest  forms  of  counters  for  use 
with  beta  rays  having  a  maximum  energy  of  the 
order  of  300  Kev  or  higher  consists  of  a  thin- 
walled  aluminum  tube  made  up  in  a  form  very 
similar  to  the  all-metal  gamma-ray  counter.  Alu¬ 
minum  tubes  of  hard-drawn  temper  % 
diameter  and  3  to  4  in.  long  can  be  evacuated  if 
the  wall  is  approximately  0.004  in.  in  thickness. 
This  is  approximately  27  mg/cm^.  Such  tubes 
are  made  commercially  as  toothpaste  tubes.  When 
the  surfaces  to  be  joined  have  been  copper-plated, 
these  tubes  can  be  soft-soldered  to  appropriate 
fittings  to  convert  them  into  a  Geiger-Miiller 
counter.  The  completed  counter  is  shown  in  cross 
section  in  figure  14.  These  counters  are  evacu¬ 
ated  and  filled  in  the  same  way  as  any  other 
Geiger-Miiller  counter.  Although  such  beta-ray 
counters  are  chiefly  used  for  survey  purposes  to 
detect  beta-ray  contamination,  they  may  be  used 
quantitatively  by  the  technique  of  wrapping  the 
source  around  the  counter  barrel  in  contact  with 
it.  This  provides  a  definitely  reproducible  geom¬ 
etry,  essential  for  quantitative  measurements. 
This  technique  obviously  cannot  be  used  with 
sources  that  can  leave  active  material  on  the 
outside  of  the  counter  tube.  It  is  therefore  lim¬ 
ited  to  such  uses  as  the  counting  of  metal  foils 
that  have  been  activated  by  neutron  bombard¬ 
ment  or  similar  activation  processes.  Counters 
of  this  type  can  be  made  with  walls  quite  uni¬ 
form  in  thickness  in  all  portions  of  the  wall.  An¬ 
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other  important  feature  is  that  a  large  number 
of  counters  can  be  made  with  practically  iden¬ 
tical  wall  thickness.  Both  of  these  features  are 
advantageous  when  counters  are  used  for  quan¬ 
titative  measurements. 


B 


Figure  14.  Thin-walled  counter  made  from  aluminum  ' 
toothpaste  tube.  , 

R=:Kovar  wire  lead,  K=Kovar  seal,  B=brass  bushing,  W=center 
wire,  G=glass  bead,  T=toothpaste  tube,  P=brass  support  for  end  of 
counter  wire. 


T  T 


Figure  15,  Beta-ray  counter  with  thin  glass  wall. 

Section  T-T  is  drawn  thin,  and  silver  is  deposited  on  the  inner 
wall  (Ag). 

A  somewhat  less  satisfactory  beta-ray  counter, 
from  the  standpoint  of  quantitative  measure¬ 
ments,  may  be  made  by  drawing  the  wall  of  a 
glass  tube  to  a  thickness  of  approximately  30  to 
40  mg/cm  2  and  silvering  or  coating  the  interior 
with  a  thin  layer  of  conducting  material.  Count¬ 
ers  made  in  this  way  seldom  have  walls  of  uni¬ 
form  thickness  throughout  a  given  counter,  and 
this  factor  varies  considerably  from  one  counter 
to  another.  The  thin  glass  wall  counter  is  shown 
in  figure  15. 


Figure  16.  End-window  beta-ray  counter. 

K=Kovar  seal,  W=cent€r  wire,  B=glass  bead,  M=mica  window. 


5.  End -Window  Counter 


The  most  generally  useful  beta-ray  counter 
that  has  been  developed  to  date  for  quantitative 
measurements  is  the  bell-type,  mica-window 
counter.  A  cross  section  of  a  typical  bell-type 
counter  is  shown  in  figure  16.  The  mica-window 
is  circular,  usually  ranging  from  1  to  1%  in.  in 
diameter.  Mica  having  a  thickness  of  about  2 
mg/cm  2  will  stand  evacuation  when  waxed  to  a 
supporting  flange  as  shown  over  openings  of 
these  diameters.  These  windows  can  be  made  of 
very  uniform  thicknesses,  which  may  be  deter¬ 
mined  accurately  before  mounting.  The  circular 
end-window  provides  a  definite,  readily  repro¬ 
ducible  geometry,  one  of  the  fundamental  re¬ 
quirements  for  quantitative  measurements. 

A  modification  of  the  end-window  type  of  con¬ 
struction  is  shown  in  figure  17.  The  window  at 
B  consists  of  a  concave  “bubble'^  of  glass,  which 
is  made  thin  enough  to  permit  relatively  soft 
beta  rays  to  enter.  The  cathode,  C,  consists  of  a 
metal  cylinder.  These  counters  usually  have  a 
diameter  of  about  %  in.  Their  small  size  renders 
them  useful  in  probes  for  locating  radioactive 
contamination.  Whereas  formerly  it  has  been 
customary  to  make  these  end-window  counters 
in  the  laboratory  in  which  they  were  to  be  used, 
a  number  of  commercial  models  have  recently 
become  available.  It  is  expected  that  these  will 
improve  in  quality  to  the  point  where  counters 
can  be  purchased  which  are  more  satisfactory 
than  those  made  in  the  laboratory. 
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Figure  17.  Buhhle-window  beta-ray  counter. 

C=metal  tube,  B=:thin  glass  window. 


Figure  18.  Dipping  counter  for  measuring  beta 
from  solutions. 

C=internal  thin  metallic  coating. 


Figure  19.  Pipette  counter  for  solutions. 

C=thin  metallic  coating. 


6.  Dipping  and  Jacketed  Counters 

It  is  sometimes  desirable  to  measure  the  beta- 
ray  activity  from  a  solution.  This  can  be  done  by 
use  of  dipping  counters  in  some  instances,  or  by 
the  use  of  jacketed  counters.  Both  these  types 
have  thin  glass  walls  to  admit  the  beta  rays 
with  an  internal  conducting  coating  to  form  the 
counter  tube.  The  dipping  counter  is  shown  in 


figure  18.  It  combines  some  of  the  features  of 
the  end-window  counter  and  the  thin-walled 
glass  counter.  In  use,  the  thin  glass  portion  is 
immersed  in  the  solution  to  be  measured.  For 
quantitative  work  this  counter  can  be  calibrated 
by  immersion  in  solutions  containing  known  con¬ 
centrations  of  the  radioisotope  undergoing  meas¬ 
urement.  The  jacketed  counter  is  occasionally 
made  up  in  the  form  of  a  pipette  counter,  as 
shown  in  figure  19. 


IV.  Methods  of  Detecting  Counter  Pulses 


In  the  early  applications  of  the  Geiger-Muller 
counter  and  its  immediate  predecessors  for  elec¬ 
trical  counting  of  particles,  a  string  electrometer 
or  other  similar  indicator  for  visual  counting 
was  used.  It  was  soon  recognized  that  the  accu¬ 
racy  of  observations  could  be  improved,  and  the 
labor  of  observing  and  recording  data  greatly 
reduced,  by  use  of  electronic  circuits  for  this 
purpose.  Automatic  recording  circuits  not  only 
eliminate  the  personal  error  involved  in  observ¬ 
ing  the  movement  of  an  image  of  an  electrometer 
fiber,  but  they  permit  the  recording  of  counts  at 
a  higher  rate  so  that  the  statistical  accuracy  of 
an  observation  made  in  a  given  time  is  greatly 
improved. 

1.  Mechanical  Recorders 

The  early  stages  of  the  development  of  elec¬ 
tronic  counting  circuits  were  impeded  by  the 
fact  that  these  circuits  could  supply  counts  to  a 
mechanical  counter  much  more  rapidly  than  any 
such  device  could  accept  and  record  them.  Efforts 
were  made  to  improve  the  response  of  mechan¬ 
ical  recorders  by  making  moving  parts  of  low 
inertia.  The  practical  limit  to  the  resolving  time 
obtained  in  this  way  falls  far  short  of  desirable 
performance.  Also,  mechanical  devices  operat¬ 
ing  at  high  speeds  tend  to  wear  rapidly  and  get 
out  of  adjustment. 

2.  Scalers 

Counting  of  particles  as  a  precise  method  of 
measurement  received  great  assistance  from  the 
development  of  electronic  scalers.  Now  that  a 
variety  of  such  scalers  are  readily  available,  in 
ratios  that  can  be  extended  to  any  value  neces¬ 
sary,  counting  can  be  made  as  precise  as  any 
other  type  of  measurement,  and  the  labor  re¬ 
quired  to  achieve  an  additional  order  of  accu¬ 
racy  is  no  greater,  and  usually  less,  than  that 
required  in  more  conventional  methods  of  meas¬ 
urement. 

Since  the  scaler  slows  down  the  rate  at  which 
the  mechanical  counter  must  operate,  it  also 
lengthens  the  intervals  between  the  recorded 
counts  as  compared  with  that  of  the  randomly 
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spaced  counts  fed  into  it.  This  results  in  a  much  ; 
more  even  spacing  of  the  recorded  pulses  and  , 
shows  that  the  probability  of  two  scaled  pulses 
arriving  at  the  mechanical  recorder  in  an  inter-  i 
val  shorter  than  its  resolving  time  can  be  made 
very  low  by  making  the  scaling  ratio  sufficiently 
large.  In  fact,  when  randomly  spaced  pulses  are 
fed  into  a  scaler  with  a  ratio  of  1 :128,  the  scaled 
pulses  emerge  with  such  regularity  that  the  ear  , 
fails  to  detect  the  variations  in  time  between  | 
them. 

In  principle,  a  scaling  circuit  divides  the  num¬ 
ber  of  pulses  received  by  it  by  some  fixed  num-  i 
ber.  A  mechanical  recorder  attached  to  the  scaler 
then  records  the  results  of  this  division.  The  first  ' 
scalers  developed  operated  on  a  binary  system 
in  which  the  divisions  were  various  powers  of  2. 
The  decade  scalers  subsequently  developed  from  ' 
them  depend  on  modifications  of  the  binary  prin¬ 
ciple  in  the  use  of  electronic  tubes. 


Figure  20.  Single  Scaler  Stage. 

Ri,  R5=60  K;  R2,  Ra.  R4.  R6=260  K;  Ci,  C2=100  nfiU  C3,  C4,  €5= 

60  /i/if. 


The  fundamental  elements  of  this  binary  sys¬ 
tem  is  a  pair  of  vacuum  tubes  connected  together 
in  a  network  of  capacitors  and  resistors  in  such 
a  way  that  only  one  of  the  pair  can  be  in  a  con¬ 
ducting  state  at  a  time.  The  arrangement  is 
shown  in  figure  20.  The  associated  network  is 
adjusted  so  that  a  pulse,  of  proper  size  and  shape, 
applied  to  the  system  extinguishes  the  conduct¬ 
ing  tube,  permitting  the  other  to  become  con-. 
ducting.  If  we  assume  that  this  pair  of  tubes 
starts  off  with  No.  1  conducting  and  No.  2  non¬ 
conducting  and  that  a  pulse  will  be  transmitted 
from  the  pair  each  time  No.  2  becomes  noncon¬ 
ducting,  the  following  operations  occur  as  pulses 
arrive.  The  first  pulse  extinguishes  tube  No.  1 
and  ignites  tube  No.  2,  the  next  pulse  extin¬ 
guishes  tube  No.  2,  transmitting  a  pulse  from 
the  system  and  puts  the  pair  of  tubes  into  the 
initial  state.  Thus,  for  each  pair  of  pulses  re¬ 
ceived,  one  is  transmitted.  This  process  can  be 
repeated  as  many  times  as  desired  by  feeding  the 
pulse  from  one  scaler  pair  to  a  subsequent  scaler 
pair.  If  n  is  the  number  of  pairs  of  tubes,  the 
input  pulses  are  divided  by  2”. 


In  practice  it  is  necessary  to  insert  buffer 
stages  between  each  scaler  pair  to  prevent  mu¬ 
tual  interference  from  the  various  scaling  stages. 
This  buffer  may  be  a  diode  or  triode,  which  per¬ 
mits  a  unidirectional  transmission  of  pulses.  A 
•wiring  diagram  of  a  scale-of-16  circuit  is  shown 
in  figure  21.  A  typical  input  circuit  is  also  shown, 
the  function  of  which  is  to  produce  a  pulse  of 
the  proper  form  to  trip  the  first  scaler  stage. 
Most  scalers  operate  only  on  a  short  or  fast  pulse 
with  a  steep  rise.  It  is  also  customary  to  design 
the  scaling  stages  so  that  a  pulse  of  several  volts 
is  required  to  trip  them.  This  renders  them  less 
susceptible  to  tripping  by  extraneous  disturb¬ 
ances.  This  requires  that  a  pre-amplifier  and 
pulse  shaper  be  built  into  the  scaler  to  convert 
the  pulses  from  the  counter  into  a  form  and  volt¬ 
age  acceptable  to  the  scaler.  It  is  gradually  be¬ 
coming  the  custom  to  include  an  electric  timer, 
high  voltage  supply  and  mechanical  register  in 
the  same  chassis  with  the  scaler,  as  shown  in 
figure  21.  This  provides  the  complete  equipment 
required  for  the  operation  of  the  counter. 

In  the  circuit  shown,  the  high  voltage  is  sta- 


Figure  21.  Wiring  diagram  of  a  complete  scaler  having  a  ratio  1:16  showing  high  voltage  rectifying  circuit,  elec¬ 
trical  timer  and  output  stage  with  recorder. 

T=electrical  timer;  A— high  voltage  meter;  Ri  =  150,000  ohms;  R2=100,000  ohms;  R2=250,000  ohms;  R.i=50,000  ohms;  Ro=l  megohm;  Rr> 
=  0.4  megohm;  R7=5  megohms;  R8=10  megohms;  R9=5000  ohms;  R]o=10,000  ohms;  Rn  =  15,000  ohms;  Ri2=56  ohms;  Ri8=1000  ohms; 
S=start-stop  switch;  R=e]ectromagnetic  register;  Ci  =  100  /igf;  C2=0.1  fii;  C3=50  Ci  =  2  fii;  C-,—20  jif-,  C6=0.016  /zf;  €7=8  /zf;  Ti= 

6SJ7;  T2=6SF5;  T3,  T4,  etc.  =  6SL7  or  equivalent  double  triode;  T5=6N7;  T6=80;  T7  =  2X2;  T8=5Z4;  N=l/25  watt  neon  bulbs. 
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bilized  by  means  of  a  series  of  miniature  neon 
bulbs.  After  aging  by  burning  continuously  on 
alternating  current  for  about  2  weeks,  these 
bulbs  have  a  nearly  constant  potential  across 
them  for  a  range  of  about  0.1  to  2  ma  through 
the  bulbs.  This  potential  on  aged  lamps  shows 
only  a  very  slight  increase  with  time.  Therefore, 
stabilization  is  accomplished  by  connecting  the 
number  of  lamps  in  series  to  correspond  to  the 
voltage  required.  A  protective  and  compensating 
resistor  of  1  to  2  megohms  is  placed  in  series 
with  the  bank  of  lamps  and  this  assembly  con¬ 
nected  across  a  rectifying  circuit  capable  of  sup¬ 
plying  a  voltage  300  to  400  v  greater  than  the 
stabilized  voltage.  The  switching  arrangement 
shown  in  figure  21  permits  the  selection  of  any 
voltage  less  than  the  maximum  across  the  whole 
bank  of  lamps.  Thus,  a  voltage  suited  to  the  op¬ 
eration  of  a  particular  counter  is  readily  ob¬ 
tained. 

Another  common  method  of  stabilizing  the 
high  voltage  for  counters  is  by  use  of  electronic 
stabilizers  similar  to  those  developed  to  regulate 
the  plate  voltage  for  vacuum  tubes  in  amplifiers. 
Many  of  these  suffer  from  the  disadvantage  that 
if  certain  of  the  tubes  or  components  fail  the 
counter  voltage  rises  suddenly.  This  usually 
ruins  the  Geiger-Muller  tube  by  applying  a  volt¬ 
age  well  above  the  maximum  of  its  plateau. 

A  number  of  scalers  of  various  types  are  avail¬ 
able  commercially.  Some  include  timers,  regis¬ 
ters,  and  high  voltage  supply.  Others  are  only 
scalers.  Most  of  these  commercial  types  can  be 
used  satisfactorily  with  Geiger-Muller  counters. 

Scalers  operating  on  the  scale-of-two  principle 
have  the  slight  disadvantage  that  the  reading  of 
the  mechanical  register  must  be  multiplied  by 
the  scaling  ratio  to  obtain  the  actual  number  of 
counts.  Since  this  ratio  is  always  some  power  of 
2,  a  slide  rule  is  required  for  rapid  computation. 
This  multiplication  is  a  very  simple  operation  if 
the  scaling  ratio  is  some  power  of  10.  Decade 
scalers  having  this  advantage  are  available. 
They  are  usually  based  on  some  modification  of 
the  binary  system.  There  are  a  number  of  ways 
in  which  the  binary  stages  can  be  connected  and 
operated  to  produce  a  scale-of-ten  unit.  A  num¬ 
ber  of  units  may  be  placed  in  tandem  to  give  an 
over-all  ratio  of  various  powers  of  10.  For  ex¬ 
ample,  a  scale-of-ten  can  be  produced  by  using 
three  binary  stages  with  a  trigger  circuit  be¬ 
tween  the  first  two  stages.  This  trigger  circuit 
is  made  up  of  two  tubes  connected  so  that  either 
one  may  be  conducting.  Pulses  are  fed  to  each 
grid  separately,  however,  the  grid  of  the  first 
being  connected  to  the  output  of  the  initial  scal¬ 
ing  stage  and  the  grid  of  the  second  to  the  output 
of  the  third  scaling  stage.  Starting  from  initial 
conditions  with  the  first  tube  of  the  trigger  stage 
nonconducting,  pulses  are  fed  through  the  three 
scaling  stages  in  the  usual  manner,  the  trigger 
stage  being  insensitive  to  the  negative  pulses. 
On  the  eighth  pulse  the  pulse  from  the  last  scal¬ 
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ing  stage  passes  through  the  trigger  circuit, 
turning  it  over  to  its  other  stable  position.  This 
trigger  circuit  can  now  accept  pulses  from  the 
initial  scaling  stage  that  are  not  transmitted  to 
the  two  other  stages.  The  ninth  pulse  is  not 
transmitted  by  the  initial  scaling  stage  and  the 
tenth  merely  throws  the  trigger  circuit  back  to 
its  original  condition.  At  the  same  time  a  signal 
is  transmitted  by  the  trigger  stage.  The  circuit 
has  passed  one  pulse  for  ten  entering  pulses  and 
is  now  back  to  its  initial  position  in  all  respects. 

3.  Connections  to  Counters 

The  tubular  part  of  a  counter  is  operated  at 
a  negative  potential.  This  may  be  accomplished 
by  connecting  this  electrode  to  the  negative  of 
the  high  voltage  supply.  If  the  tubular  electrode 
is  exposed,  as  in  all-metal  counters,  this  presents 


Figure  22.  Methods  for  connectmg  counters  to  the  high 
voltage. 

(a)  Negative  high  voltage  connected  directly  to  the  counter  tube; 
(b)  Positive  high  voltage  connected  through  coupling  resistor  to 
center  wire  with  counter  tube  at  ground  potential;  R=coupling  re¬ 
sistor;  C=coupling  capacitor. 


the  necessity  of  insulating  the  counter  from 
ground  and  also  offers  a  shock  hazard.  When 
this  type  of  connection  is  used  a  protective  re¬ 
sistor  of  the  order  of  1  megohm  should  be 
mounted  inside  the  cabinet  of  the  high  voltage 
supply.  This  precludes  the  possibility  of  danger¬ 
ous  electrical  shocks. 

The  proper  polarity  can  also  be  secured  by 
applying  the  positive  voltage  to  the  center  wire, 
in  which  case  the  coupling  resistor  for  taking 
the  pulse  from  the  counter  wire  is  in  the  high 
voltage  line.  Then  the  tubular  electrode  is  at 
ground  potential,  which  eliminates  the  need  for 
insulating  the  counter  as  well  as  the  possibility 
of  electrical  shock  from  external  parts  of  the 
counter.  These  two  methods  of  connection  are 
illustrated  in  figure  22  and  are  equally  applicable 
to  Geiger-Miiller  and  to  proportional  counters. 
WTien  the  second  method  is  used  a  coupling  con¬ 
denser  that  can  withstand  the  high  voltage  must 
be  used. 

4.  Desirable  Characteristics  of  Scalers 

There  are  a  few  general  considerations  con¬ 
cerning  the  construction  and  performance  of 
scalers  that  apply  to  any  type  of  scaler.  It  is 
important,  for  example,  that  parts  of  a  scaler 
should  be  well  spaced  to  allow  free  ventilation. 
Depending  on  the  scaling  ratio,  a  scaler  may 
have  several  dozen  vacuum  tubes  in  it  that  de¬ 
velop  a  considerable  amount  of  heat.  Crowding 
of  parts  results  in  high  temperatures,  which 
may  affect  the  operation  adversely.  The  scaling 
ratio  of  a  scaler  should  be  large  enough  so  that 
the  mechanical  register  is  operated  well  below 
its  maximum  speed.  This  not  only  reduces  the 
wear  on  the  register  but  also  reduces  counting 
losses  in  the  register.  The  input  sensitivity 
should  be  high  enough  to  respond  to  the  pulses 
from  the  smallest  counter  used  but  should  not 
exceed  this  requirement  to  the  extent  that  it 
readily  responds  to  other  electrical  disturbances. 


If  a  high  voltage  supply  for  the  counter  is  in¬ 
cluded  in  the  unit,  the  voltage  from  this  source 
should  be  well  stabilized.  The  degree  of  stabiliza¬ 
tion  required  is  directly  related  to  the  slope  of 
the  plateau  of  the  counter  used.  If  we  assume 
that  the  a-c  supply  may  fluctuate  by  ±10  per¬ 
cent,  then  the  high  voltage,  assuming  operation  at 
1,000  V,  would  fluctuate  by  ±100  v  without  regu¬ 
lation.  If  the  counter  plateau  has  a  slope  of  5  per¬ 
cent  per  hundred  volts,  the  counting  rate  would 
fluctuate  by  ±5  percent.  To  reduce  this  source 
of  error  to  ±0.5  percent,  for  this  particular 
counter,  regulation  must  be  introduced  to  keep 
this  fluctuation  in  the  high  voltage  of  the  order 
of  ±10  V,  or  ±1  percent.  Another  important  con¬ 
sideration  is  that  the  means  of  stabilization  that 
is  used  for  the  counter  voltage  should  not  be  of 
the  type  that  failure  of  the  stabilizer  may  result 
in  an  increase  in  this  voltage.  Many  types  of 
counters  are  permanently  ruined  if  subjected 
for  a  short  time  to  voltages  that  exceed  that  of 
the  maximum  voltage  of  the  plateau.  If  a  me¬ 
chanical  register  is  included  it  should  be  rugged 
even  at  the  expense  of  a  slow  rate  of  response. 
The  scaling  ratio  can  be  selected  to  operate  such 
a  register  within  the  range  of  its  satisfactory 
operation.  It  is  also  desirable  that  this  register 
can  be  reset  to  zero  at  the  end  of  an  observation. 

5.  Rate  Meters 

For  some  purposes,  where  less  precise  meas¬ 
urements  are  required,  an  electronic  device, 
known  as  a  rate  meter,  is  frequently  used  for 
indicating  the  output  of  the  counter.  Although 
rate  meters  can  provide  data  of  the  same  preci¬ 
sion  as  scalers,  the  time  required  for  observa¬ 
tions  to  achieve  this  result  is  considerably 
longer.  Therefore,  they  are  chiefly  used  where 
the  greatest  accuracy  is  not  required.  The  rate 
meter  consists  of  a  vacuum  tube  amplifier  for 
the  pulses  from  the  counter,  followed  by  a  pulse 


Ri,  R2,  R3,  Re.  Rs.  R20=100.000  ohms;  R4,  R5=10,000  ohms;  R7,  R22=l  megohm;  R9=5  megohms;  R2i=20  megohms;  Rio,  R12.  R16.  Ri7. 
Ri8=20,000  ohms;  Rn,  R23=5,000  ohms;  R13,  R14,  R19,  R24=2,000  ohms;  Ri5=50,000  ohms;  Ci=:100  /i/if;  C2,  €3=8  /if;  04=250  /i/if;  €5  =  60 
/i/if;  C6=4  /if;  €7=20  /if;  Cg,  €9=1  /if  (2,000  volts),  Cio=20  /tf;  R25=:100,000  ohms;  S=switch;  G-M=Geiger-Muller  counter. 
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shaping  circuit  that  makes  all  pulses  of  uniform 
height  and  shape.  These  pulses  are  then  passed 
through  a  rectifying  circuit  from  which  they  are 
fed  into  a  condenser  shorted  by  a  suitable  re¬ 
sistor.  In  operation  a  small  uniform  charge  is 
added  to  the  condenser  for  each  pulse  in  the 
counter.  For  a  constant  average  rate  of  pulses 
in  the  counter,  the  potential  across  the  condenser 
will  rise  until  the  rate  at  which  charge  arrives 
is  balanced  by  the  rate  at  which  it  is  lost  through 
the  resistor.  The  potential  then  will,  on  the  aver¬ 
age,  remain  constant  and  will  be  proportional 
to  the  pulse  rate  of  the  counter.  To  obtain  a 
visual  indication  of  this  rate,  a  vacuum  tube  volt¬ 
meter  is  connected  across  the  condenser.  The 
indicating  meter  of  this  unit  can  be  calibrated 
directly  in  terms  of  the  rate  of  pulses  entering 
the  input  of  the  rate  meter.  A  wiring  diagram  of 
a  typical  rate  meter  circuit  is  shown  in  figure  23. 
A  photograph  of  a  rate  meter  built  from  this 
circuit  is  shown  in  figure  24. 

The  accuracy  of  observations  by  means  of  rate 
meters  is  limited  by  the  statistical  fluctuations 
in  the  pulse  rate  of  the  counter.  Radioactive 
radiation  is  emitted  in  random  directions  and 
is  also  random  in  respect  to  time.  As  will  be 
shown  later,  the  accuracy  depends  upon  the  num¬ 
ber  of  pulses  included  in  an  observation.  When 
using  scalers  this  number  can  be  increased  at 
will  usually  merely  by  extending  the  period  of 
observation  or  using  a  stronger  source.  In  the 
case  of  rate  meters  this  factor  is  controlled  in 
part  by  the  time  constant  of  the  integrating  con¬ 
denser  circuit.  It  can  be  extended  by  taking  fre¬ 
quent  readings  of  the  meter  at  intervals.  This  is 
time-consuming  and  does  not  readily  lend  itself 
to  improving  the  accuracy.  Therefore,  the  rate 
meter  has  come  to  be  used  for  purposes  where  a 
more  or  less  instantaneous  reading  yields  results 
of  sufficient  accuracy.  Among  typical  uses  m.ay 
be  mentioned  health  survey,  detection  of  con¬ 
tamination  and  in  prospecting  for  ores.  Rate 
meters  have  been  constructed  which  operate  en¬ 
tirely  from  dry  batteries  and  which  have  a  total 
weight  of  5  or  6  lb.  These  devices  are  completely 
portable  and  therefore  can  be  used  to  locate  re¬ 
gions  where  the  level  of  radiation  is  considered 
dangerous.  Only  a  qualitative  indication  can 
be  obtained  in  this  way.  This  is  frequently  help¬ 
ful  information.  When  used  with  appropriate 


Figure  24.  Exterior  view  of  counting-rate  meter. 


Figure  25.  Wiring  diagram  of  battery  operated  port¬ 
able  counting  circuit. 

Ri,  Rs,  Rg,  Rn  =  0.5  megohm;  Rg,  Rio=0.1  megohm;  R2,  R5=l 
megohm;  R4=5,000  ohms;  R6=20  megohms;  R7=40  megohms;  Ci,  C2, 
C4,  C5.  Cq,  C7=0.01  /if;  C3=0.03  /if  (2,000  volts);  /if;  Ti,  T2= 

3A8GT;  CH=100  henry  cnoke;  G-M=:Geiger-Muiler  counter;  P=:head- 
phones.  [W.  Hushley  &  K.  Feldman,  Canadian  J.  Res.,  vol.  F25,  P226, 
1947.] 

Geiger-Mliller  counters  portable  forms  of  this 
instrument  may  be  used  to  locate  radioactive 
contamination  either  by  means  of  its  beta  or 
gamma  radiation.  Most  uranium  ore  worth  min¬ 
ing  has  sufficient  activity  so  that  it  can  be  iden¬ 
tified  by  a  Geiger-Miiller  counter.  Therefore, 
portable  rate  meters  have  been  useful  in  explora¬ 
tions  for  sources  of  uranium  ores.  For  greater 
portability,  the  integrating  circuit  and  vacuum 
tube  voltmeter  are  often  eliminated  by  substitut¬ 
ing  headphones  to  count  the  pulses  directly.  This 
is  satisfactory  in  prospecting  where  the  inten-  j 
sities  encountered  are  usually  low.  A  wiring  dia-  j 
gram  of  such  a  portable,  battery-operated  de-  i 
vice  is  given  in  figure  25.  ' 


V.  Applications  of  Counters  to  Quantitative  Measurements 


1.  Statistical  Fluctuations 

Whenever  measurements  of  a  specified  accu¬ 
racy  are  required  of  a  Geiger-Miiller  counter,  the 
errors  that  are  introduced  by  the  random  nature 
of  radioactive  radiations  must  be  considered. 
These  errors  are  computed  in  terms  of  the  stand¬ 
ard  deviation  of  a  counting  observation  defined 


as  the  square  root  of  the  total  number  of  counts  j 
in  a  single  observation.  This  standard  deviation 
means  that  a  deviation  of  0.6745  times  the  stand¬ 
ard  deviation  is  as  likely  to  occur  as  not,  that  is,  j 
will  occur  on  the  average  in  50  percent  of  the 
observations.  A  deviation  of  twice  the  standard 
deviation  will  occur  in  only  about  5  percent  of 
the  observations.  Actually,  the  standard  devia-  i 
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tion  increases  with  the  number  of  counts  re¬ 
corded  in  an  observation.  The  relative  standard 
deviation,  however,  decreases.  Thus,  if  N  is  the 
total  number  of  counts^  an  observation  the 
standard  deviation  is  The  ratio  ^/N/N  de¬ 
creases  as  N  becomes  larger.  For  example,  for 

100  counts  \/N=10,  ^^==1/10,  but  for  10,000 

counts,  ^/N =100=^^^1/100.  Expressed  in 

percentages  of  N,  we  have  a  standard  deviation 
of  10  percent  in  the  first  example  and  1  percent 
in  the  second.  There  are  obviously  two  ways  of 
increasing  the  number  of  counts  in  the  observa¬ 
tion — one  is  by  increasing  the  counting  rate  by 
using  a  stronger  source  or  moving  the  source 
nearer  the  counter,  and  the  other  is  by  prolong¬ 
ing  the  time  of  the  observation.  This  choice  is 
not  always  available,  and  occasionally  the  accu¬ 
racy  of  counting  observations  is  limited  by  the 
statistical  fiuctuations. 

2,  Resolving  Time 

The  deadtime  of  a  counter  is  illustrated  graph¬ 
ically  in  figure  7.  This  figure  also  shows  the  rela¬ 
tion  between  the  deadtime  and  the  resolving 
time.  The  resolving  time  is  of  importance  in  the 
use  of  the  counter,  since  it  determines  the  num¬ 
ber  of  counts  that  fail  to  be  recorded  due  to  the 
fact  that  two  closely  spaced  counts  may  be  re¬ 
corded  as  a  single  count.  Keference  to  figure  7 
shows  that  the  resolving  time  is  longer  than  the 
deadtime.  The  magnitude  of  the  difference  is  de¬ 
termined  by  the  sensitivity  of  the  detecting  cir¬ 
cuit  to  which  the  counter  is  attached.  Therefore, 
resolving  times  must  be  determined  for  tfie 
counter  with  the  detecting  circuit  used  with  the 
counter. 

There  are  various  methods  for  determining 
the  resolving  time  of  counters  and  associated 
equipment.  One  of  the  simplest,  which  is  ade¬ 
quate  for  most  purposes,  involves  the  use  of  two 
sources  of  the  same  order  of  activity  but  not 
necessarily  equal.  If  we  designate  the  sources 
by  A  and  B,  the  procedure  is  as  follows :  source 
A  is  placed  in  a  fixed  position  relative  to  the 
counter  and  the  counting  rate  determined,  which 
we  will  call  Ui  counts  per  minute.  Without  dis¬ 
turbing  A,  the  source  B  is  placed  at  another  fixed 
position  in  relation  to  the  counter  and  the  count¬ 
ing  rate  for  A-{-B  determined,  which  we  will  call 
%  counts  per  minute.  Finally,  source  A  is  re¬ 
moved  without  disturbing  B,  and  the  counting 
rate  obtained  is  called  7^2  counts  per  minute.  If 
the  intensity  of  A-f  is  sufficient  to  give  a  count¬ 
ing  rate  such  that  a  significant  number  of  counts 
are  lost  due  to  lack  of  resolution,  we  will  find 
that  9^l+n2>7^3.  Therefore,  4-n2=::n3-j-8.  The 
resolving  time  U  is  then  given  to  a  very  close  ap¬ 
proximation  by 


Oj. —  —  . 

2  ^2-]^  71^2 — 8  "^3/2 

When  a  is  small  compared  to  and  712  y  this  re¬ 
duces  to 


2  Til  '^2 

The  effect  of  this  resolving  time  is  to  render  the 
counter  insensitive  for  a  certain  fraction  of  the 
time  it  is  in  operation.  If  the  average  true  count¬ 
ing  rate  per  second  for  an  observation  is  Tit,  then 
the  insensitive  time  per  second  is  Tit  U,  both  quan¬ 
tities  being  expressed  in  terms  of  seconds.  The 
average  number  of  counts  lost  per  second  is 
tr)  if  Tio  is  the  observed  average  counting 
rate.  The  true  counting  rate  is  the  sum  of  the 
observed  and  lost  counts,  or 

Tlt=Tlo-\-Tlo  {Tit  tr)y 

from  which 

nt 

Uo— - 

l+Wf  tr 

It  is  more  convenient  to  use  this  relation  when 
solved  for  Uty  which  gives 

Tlo 

Tlt= - 

1—Tlo  tr 

The  effect  on  the  measurements  can  be  made 
clearer  by  a  few  numerical  examples.  Let  us  as¬ 
sume  that  sec.  For  an  observed  counting 

rate  of  10  counts  per  second,  the  true  rate  is  10.1 
per  second;  but  for  100  counts  per  second  the 
true  rate  is  111,  so  that  the  error  from  lost  counts 
has  risen  from  about  1  to  11  percent. 

The  lower  limit  of  the  resolving  time  is  the 
deadtime  of  the  counter.  It  is  advantageous  to 
use  counters  of  short  deadtime.  However,  the 
value  of  this  time  for  usual  Geiger-Miiller  count¬ 
ers  is  not  less  than  about  5X10“^  sec.  Therefore, 
counters  must  be  operated  at  rates  where  this 
time  introduces  negligible  error,  or  a  correction 
must  be  computed  for  the  measurements  using 
the  measured  resolving  time  for  this  purpose. 
These  corrections  may  be  obtained  from  the 
graph  shown  in  figure  25a. 

3.  Absorption  of  Beta  Rays 

Beta-ray  counters  are  frequently  used  for 
quantitative  measurement  of  disintegration 
rates.  This  procedure  is  based  on  the  assump¬ 
tion  that  all  beta  particles  of  a  source  which 
disintegrates  exclusively  by  emission  of  beta 
rays  are  detected  for  a  known  solid  angle.  The 
solid  angle  is  usually  determined  by  comparisons 
of  response  of  the  counter  with  several  sources 
of  known  disintegration  rate  or  by  computation, 
using  the  dimensions  of  the  source  and  counter 
window  and  the  distance  separating  them.  We 
have  seen,  however,  in  discussing  the  absorption 
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of  beta  particles,  as  illustrated  by  figure  13,  that 
all  the  particles  emitted  by  the  source  in  the 
solid  angle  subtended  by  the  counter  cannot  en¬ 
ter  the  counter.  A  certain  fraction  is  lost  by  ab¬ 
sorption.  The  magnitude  of  this  fraction  will 
depend  on  the  thickness  of  the  window  and  of 
the  intervening  layer  of  air  as  well  as  on  the 
value  of  Eraax  and  the  specific  shape  of  the  spec¬ 
trum.  To  obtain  the  true  disintegration  rate  of 
the  source,  a  correction  must  be  applied  to  the 
observed  data  for  the  particles  of  low  energy 
that  are  not  detected.  The  simplest  way  to  ob¬ 
tain  this  correction  is  by  use  of  a  standard  prepa¬ 
ration  of  the  radioisotope  under  measurement. 

4.  Back- Scattering  of  Beta  Rays 

An  equally  serious  problem  is  encountered  in 
connection  with  scattering  of  the  beta  particles. 
These  particles  are  easily  defiected  on  collision 
with  atoms.  In  some  cases  the  particles  are  scat¬ 
tered  backwards,  the  amount  depending  on  the 
atomic  number  and  thickness  of  the  scattering 
layer.  Consequently,  if  a  radioactive  source  is 
mounted  on  a  substantial  metal  support  a  con¬ 
siderable  fraction  of  the  particles  counted  will 
be  those  that  were  not  emitted  in  the  direction 
of  the  solid  angle  subtended  by  the  counter  at 
the  source.  These  extra  particles  falsify  the 
measurement.  For  absolute  measurements  of 
disintegration  rates,  efforts  must  be  made  to 
eliminate  this  back-scattering  or  to  determine 


the  proper  correction  for  it.  Even  in  comparative 
measurements  it  is  essential  that  the  back-scat¬ 
tering  be  kept  constant  by  using  the  same  thick¬ 
ness  of  the  same  material  for  supports  of  all 
sources.  Since  any  support  that  produces  neg¬ 
ligible  back-scattering  is  fragile  it  is  more  con¬ 
venient  to  use  a  thickness  that  will  produce 
saturation  back-scattering.  This  is  obtained  by 
making  the  thickness  of  the  support  equal  to, 
or  greater  than  the  range  of  the  beta  particles' 
from  the  source  under  observation.  For  a  given 
radioisotope  the  saturation  back-scattering  will 
be  proportionally  the  same  for  all  sources. 

5.  Coincidence  Counters 

One  of  the  advantages  of  counters,  arising 
from  the  fact  that  they  detect  individual  par¬ 
ticles  or  photons  in  an  almost  instantaneous 
manner,  is  that  they  can  be  used  to  determine 
the  relative  number  of  such  particles  that  occur 
simultaneously  from  a  given  source.  Coinci¬ 
dences  between  two  gamma  rays,  a  beta  ray  and 
a  gamma  ray,  or  two  beta  rays  can  be  determined 
by  use  of  appropriate  counters  and  appropriate 
electronic  circuits.  This  property  of  counters  is 
useful  in  studying  disintegration  schemes  where 
it  is  desirable  to  know  how  the  gamma  rays  are 
associated  with  the  beta  rays.  This  may  be  illus¬ 
trated  simply  by  assuming  that  it  is  known  from 
other  investigations  that  a  particular  radioiso¬ 
tope  emits  two  beta  rays  /3i  and  f^o  and  three 
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Figure  25a.  Fractional  lost  counts  for  different  resolving  times  and  for  a  wide  range  of  observed  counting  rates. 

The  true  counting  rate  is  equal  to  observed  counting  rate  as  shown  on  the  |/-axis  mxiltiplied  by  ( 1-Fractional  Lost  Counts)  where  the 
fractional  lost  counts  is  read  on  the  x-axis  for  the  resolving  time  in  question. 
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gamma  rays  71,  72,  and  73.  The  nature  of  the  dis¬ 
integration  scheme  and  the  total  energy  of  dis¬ 
integration  depends  on  the  relation  of  the  gamma 
rays  to  the  beta  rays.  For  example,  if  it  can  be 
shown  experimentally  that  there  are  no  coinci¬ 
dences  between  /3i  and  71  but  there  are  coin¬ 
cidences  between  and  72  as  well  as  coinci¬ 
dences  between  72  and  73,  we  know  that  these 
gamma  rays  are  associated  with  /3i.  If  it  is  fur¬ 
ther  confirmed  that  there  are  coincidences  be¬ 
tween  /?2  and  71  and  no  coincidences  between  71 
and  72  the  picture  is  complete  providing  the 
measured  energies  of  the  various  components 
agree.  The  above  assumptions  lead  to  the  con¬ 
clusion  that  the  energy  of  /?2  plus  the  energy  of 
71  should  equal  the  sum  of  the  energies  of  ^1  -|- 
72+73*  The  disintegration  scheme  then  may  be 
represented  by  the  diagram  in  figure  26. 

A  block  diagram  of  equipment  for  determin¬ 
ing  /?-7  coincidences  is  shown  in  figure  27.  The 
source  is  placed  in  a  fixed  position  between  a 
beta-ray  and  a  gamma-ray  counter.  This  simple 
arrangement  in  itself  will  not  determine  which 
gamma  rays  are  coincident  with  a  given  beta 
ray.  To  obtain  this  information  either  absorbers 
must  be  introduced  between  the  source  and  each 
counter  to  reduce  or  eliminate  the  effects  of 
radiation  of  a  given  energy,  or  the  whole  experi¬ 
ment  performed  in  a  magnetic  focussing  device 
that  separates  the  effects  of  the  beta  rays,  as¬ 
suming  that  more  than  one  is  present. 

The  electronic  circuits  used  to  detect  coinci¬ 
dences  most  commonly  used  are  based  on  the 
method  developed  by  Rossi.^  The  basic  principle 
of  this  method  is  illustrated  by  the  diagram 
shown  in  figure  28.  The  vacuum  tubes  1  and  2 
are  connected  to  the  counters  GM-1  and  GM-2 
through  a  resistance-capacity  input.  The  tubes 


Figure  26.  Typical  disintegration  scheme  for  a  radio¬ 
isotope  of  atomic  number  Z  and  mass  number  A  which 
disintegrates  by  emission  of  beta  rays,  and  ^2  of  two 
different  maximum  energies  to  form  the  radioisotope 
of  atomic  number  Z  1  and  mass  number  A, 

Pi  is  followed  by  emission  of  one  ^amma  ray  71  and  P2  by  two 
gamma  rays  72  and  73. 


5  B.  Rossi,  Nature  125,  636  (1930). 


Figure  27.  Block  diagram  of  a  coincidence  circuit  for 
determining  coincidences  between  beta  and  gamma 
rays. 


1  and  2  are  arranged  to  be  normally  in  a  conduct¬ 
ing  state.  A  pulse  from  either  counter  will  pro¬ 
duce  a  negative  potential  on  the  grid  of  the  asso¬ 
ciated  vacuum  tube.  This  produces  a  sudden  re¬ 
duction  in  the  plate  current  of  the  vacuum  tube, 
which  results  in  a  voltage  pulse  at  the  plate.  The 
two  plates  are  connected  in  parallel  so  that  the 
pulse  on  the  conductor  connecting  these  plates 
is  at  least  twice  the  size  when  both  1  and  2  re¬ 
ceive  negative  pulses  simultaneously,  that  is 
when  one  or  the  other  receive  pulses  at  different 
times.  The  bias  on  the  grid  of  tube  3  is  adjusted 
so  that  it  responds  only  to  the  large  pulses  pro¬ 
duced  when  pulses  occur  simultaneously  in  both 
counters. 

In  practical  measurements  each  counter  will 
deliver  a  large  number  of  random  pulses  in  addi¬ 
tion  to  those  that  happen  to  occur  simultane¬ 
ously.  Therefore,  there  is  a  probability  that  some 
of  these  random  pulses  coincide  and  produce  a 
false  or  accidental  coincidence.  This  probability 


Figure  28.  Basic  Rossi  circuit  for  determining  coin¬ 
cidences  between  two  Geiger-Muller  counters,  GM-1 
and  GM-2. 

A  pulse  in  either  tube  1  or  2  does  not  decrease  the  negative  grid 
voltage  of  tube  3  sufficiently  to  cause  it  to  transmit  a  pulse.  When 
pulses  occur  in  both  1  and  2  simultaneously  a  pulse  is  transmitted  by 
tube  3. 
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depends  on  the  counting  rate  in  each  counter  and 
also  on  the  interval  of  time  that  must  separate 
two  pulses  in  order  that  they  fail  to  produce  a 
coincidence.  This  interval  is  called  the  resolving 
time  of  the  coincidence  circuit.  It  depends  upon 
the  constants  of  the  coincidence  circuit  and  the 
shape  of  the  pulses.  Therefore,  in  building  co¬ 
incidence  circuits,  the  simple  arrangement  of 
figure  28  is  rarely  used.  The  pulses  from  the 
counters  are  sharpened  and  made  of  uniform 
height  so  that  when  they  arrive  at  the  coinci¬ 
dence  tubes  1  and  2,  they  are  all  of  uniform 
height  and  width.  The  resolving  time  of  the  cir¬ 
cuit  can  then  be  made  of  the  order  of  1  micro¬ 
second. 

The  number  of  accidental  coincidences  is  given 
by  the  relation 

A=2  ni  n2  t, 

where  A  is  the  number  of  accidental  coinci¬ 
dences,  and  7^l  the  number  of  counts  in  counter 
number  1,  and  n2  the  number  of  counts  in  counter 
number  2  all  referred  to  the  same  interval  of 
time.  The  resolving  time  is  denoted  by  t.  If  we 
consider  a  possible  case  in  which  counter  num¬ 
ber  1  has  an  average  rate  of  500,  and  counter 
number  2,  5,000  counts  per  minute  and  assume 
f=10~6  sec,  we  find  that  the  rate  of  the  acci¬ 
dental  counts  on  the  average  is 

A=r2  (5x10^)  (5x10^)  10“  6=5  per  minute. 

In  a  coincidence  experiment  made  under  these 
conditions  this  number  of  counts  must  be  sub¬ 
tracted  from  the  observed  coincidences. 

Another  correction  must  be  applied  to  the  ob¬ 
servations  before  the  true  number  of  coinci¬ 
dences  is  obtained  if  we  are  interested  in  those 
produced  by  a  source  of  radioactivity.  These  are 
the  real  coincidences  that  arise  from  cosmic  rays. 
It  is  impossible  to  shield  the  counters,  com¬ 
pletely,  from  the  effects  of  cosmic  rays.  A  geo¬ 
metrical  arrangement  may  be  adopted,  which  is 
less  favorable  to  the  detection  of  coincidences 
caused  by  cosmic  rays.  The  intensity  of  cosmic 
rays  is  greater  in  a  vertical  direction  than  in 
any  other  and  has  a  minimum  in  the  horizontal 
direction.  Therefore,  it  is  preferable  to  place  the 


counters  in  a  horizontal  rather  than  a  vertical 
alinement.  The  number  of  cosmic-ray  coinci¬ 
dences  will  also  depend  on  the  size  of  the  count¬ 
ers.  The  lower  limit  for  these  coincidences  is  of 
the  order  of  0.03  per  minute,  using  counters 
about  2  cm  in  diameter  and  4  or  5  cm  long  in  a 
horizontal  alinement.  Under  less  favorable  con¬ 
ditions  this  rate  can  be  considerably  higher.  The 
above  figure  refers  to  observations  near  sea  level, 
and  at  higher  altitudes  this  will  be  increased 
with  the  well-known  increase  of  cosmic-ray  in¬ 
tensity  with  altitude. 

Various  methods  have  been  devised  for  con¬ 
verting  the  pulses  provided  by  Geiger-Miiller 
counters  into  a  form  suitable  for  use  in  a  coin¬ 
cidence  circuit.  One  method  is  to  use  a  multi¬ 
vibrator  modified  to  deliver  one  pulse  for  each 
input  pulse.  A  simpler  method,  which  is  ade¬ 
quate  for  many  purposes,  is  to  employ  electrical 
differentiation.  This  procedure  is  described  by 
Lewis.6  If  a  slow  pulse,  say  of  IQ-^-sec  duration, 
is  passed  through  a  resistance-capacity  filter  of 


Figure  30.  Diagram  of  the  successive  differentiation  of 
an  electrical  pulse. 

A  shows  two  pulses  prior  to  differentiation  and  B  shows  the  effect 
of  one  differentiation;  C  shows  them  after  a  second  differentiation. 

the  form  shown  in  figure  29,  in  which  the  time 
constant,  RC,  is  made  short  compared  with  the 
desired  resolving  time,  the  pulse  will  be  con¬ 
verted  into  a  sharper  form  trailing  off  in  a  long 
tail.  This  process  can  be  repeated  as  illustrated 
in  figure  30.  At  ‘"A”  two  pulses  are  shown,  one 
solid  and  one  dotted,  which  have  a  duration  of 
about  10“  4  sec  but  which  are  displaced  along 
the  time  axis  by  approximately  4  microseconds. 
Here  the  two  voltage  peaks  are  not  resolved  since 
the  dotted  pulse  rises  to  close  to  the  maximum 
before  the  pulse  represented  by  the  solid  curve 
has  fallen  noticeably.  When  these  pulses  have 
been  passed  through  the  filter  circuit  they  will 
have  the  form  shown  at  “B”  where  a  slight  sepa- 

6  W,  B.  Lewis,  Critical  Counting  (Cambridge  Univ.  Press,  1943). 
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I  ration  of  the  two  peaks  is  evident.  On  passing 
these  pulses  through  a  second  similar  filter,  the 
forms  shown  at  ''C  are  obtained,  where  they  are 
clearly  separated.  The  variation  in  pulse  heights 
:  can  be  levelled  by  appropriate  electronic  cir- 
'  cuits,  and  the  effect  of  the  low  amplitude  after 
I  pulse  shown  at  about  80  microseconds  can  be 
eliminated  by  suitable  bias.  When  pulses  of  the 
order  of  a  microsecond  result  from  differentia¬ 
tion  of  pulses  that  have  a  duration  of  the  order 
of  10“^  sec,  the  amplifier  used  must  have  a  rea¬ 
sonably  constant  amplification  over  a  wide  band 
of  frequencies  extending  from  less  than  10^  to 
well  above  10®  cycles  per  second.  Great  care  is 
required  in  the  selection  and  location  of  com¬ 
ponents  in  amplifiers  of  this  type.  However,  for 
coincidence  counting  strict  linearity  is  not  re¬ 
quired.  It  is  desirable  that  pulses  arriving  at  the 
mixing  stage  of  the  Rossi  coincidence  circuit 
have  the  same  height  regardless  of  their  heights 
at  intermediate  points  between  this  stage  and 
the  Geiger-Muller  counter.  This  can  be  provided, 
for  example,  by  amplifying  all  pulses  so  that  the 
smallest  will  throw  the  grid  of  one  of  the  inter¬ 
mediate  vacuum  tubes  to  cut-olf,  giving  sensibly 
uniform  pulses  at  the  plate  of  this  tube. 

A  wiring  diagram  of  a  coincidence  circuit  con¬ 
structed  on  the  principle  of  electrical  differen¬ 
tiation  is  shown  in  figure  31.  Approximate  values 
for  the  various  constants  are  given  in  the  legend 
for  the  figures.  The  functioning  of  any  actual 
circuit  made  up  in  this  form  must  be  tested 
by  examining  the  pulses  at  various  points  with 
a  cathode  ray  oscilloscope.  Components  are 
changed  or  relocated  until  satisfactory  perform¬ 
ance  is  obtained. 

6.  Cosmic-Ray  Counters 

The  Geiger-Muller  counter  has  been  used  ex¬ 
tensively  in  cosmic-ray  investigations,  not  only 
because  it  is  one  of  the  most  sensitive  devices  for 
detecting  this  radiation  but  also  because  direc¬ 
tional  observations  are  possible  with  assem¬ 


blages  of  counters  connected  to  coincidence  cir¬ 
cuits.  Similar  arrangements  can  be  used  to  ob¬ 
serve  absorption  of  cosmic  rays  and  to  study  the 
composition  of  cosmic-ray  showers.  The  counters 
used  for  this  purpose  do  not  differ  basically  from 
gamma-ray  counters.  The  size  of  counters  used 
may  vary  from  approximately  an  inch  in  diam¬ 
eter  and  a  few  inches  in  length  up  to  several 
inches  in  diameter  and  several  feet  in  length. 

Coincidence  counting  is  very  common  in  cos¬ 
mic-ray  observations  as  by  the  use  of  three  or 
more  counters  connected  to  count  in  coincidence 
and  arranged  with  the  axis  in  the  same  plane 
if  a  well-columinated  beam  of  radiation  is  se¬ 
lected  for  observation.  At  the  same  time  random 
counts  of  various  origins  are  excluded  from  ob¬ 
servation  except  as  they  contribute  to  the  acci¬ 
dental  coincidence  rate.  The  coincidence  circuits 
used  in  these  observations  are  similar  in  prin¬ 
ciple  to  those  used  in  studying  coincidences  of 
radioactive  radiations.  It  is  obvious  that  the 
simple  two-counter  circuit  described  for  that 
use  can  be  extended  to  several  counters. 

A  modification  of  the  coincidence  technique  is 
known  as  anticoincidence  counting.  This  consists 
of  connecting  an  additional  counter  or  counters 
to  the  coincidence  circuit,  arranged  to  produce 
a  pulse  of  opposite  sign  on  the  grid  of  the  mix¬ 
ing  tube  to  that  produced  by  the  coincidence 
counters.  This  will  cancel  any  coincidence  pulse 
that  arrives  at  the  same  time.  When  the  anti- 
coincidence  counter  produces  a  pulse  in  the  ab¬ 
sence  of  a  coincidence  pulse,  no  response  is  pro¬ 
duced  in  the  mixing  tube.  Therefore  the  circuit 
as  a  whole  responds  only  when  coincidences  oc¬ 
cur  in  the  coincidence  counters,  and  no  pulse  is 
produced  in  the  anticoincidence  counters.  An 
example  of  the  use  of  this  method  is  the  selection 
of  single  cosmic  rays,  not  associated  with  show¬ 
ers,  for  observation.  If  one  or  more  counters  are 
mounted  outside  the  bank  of  counters  used  to 
observe  coincidences  and  connected  in  anticoin¬ 
cidence,  then  the  arrangement  responds  only 
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Figure  31.  Wiring  diagram  of  a  coincidence  circuit  using  electrical  differentiation  for  sharpening  the  pulses. 

Ci=60  iifit',  C2,  C7,  €9=2  fit:  C3,  Ce,  Cio,  Ci2=0.1  /if;  Cs^O.Ol  /if;  C4=43  /t/tf;  C8=26  fi/it;  Cii=:26  /i/if;  Ri  =  l  megohm;  R2=0.1  meg¬ 
ohm;  R3,  Ri4=:0.5  megohm;  R4=2,200  ohms;  R5,  R7,  Rio=:25,000  ohms;  Re,  Rii,  Ri3=:B,000  ohms;  Rs,  R9,  Ri2»  Rie,  Ri8,  Ri9=60,000  ohms; 
Ti,  T2=6AK6;  T3=6SF5;  T4=6SJ7. 
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when  single  rays  traverse  the  coincidence  bank 
and  no  pulses  occur  in  the  anticoincidence  count¬ 
ers.  This  eliminates  those  particles  that  are  part 
of  showers  that  would  also  produce  pulses  in  the 
anticoincidence  counters.  The  uses  to  which  this 
principle  may  be  put  are  numerous  and  are  not 
confined  to  cosmic-ray  observations. 

The  basic  idea  of  the  anticoincidence  method 
is  illustrated  in  figure  32.  The  three  counters 
marked  C  are  connected  in  the  usual  coincidence 
arrangement.  To  provide  a  pulse  of  the  opposite 
sign  from  the  anticoincidence  counter  A,  an  ex¬ 


tra  vacuum  tube  is  inserted  in  the  line  connect¬ 
ing  this  counter  to  the  circuit.  Therefore,  this 
counter  will  produce  a  pulse  on  the  grid  of  the 
mixing  tube,  M,  which  cancels  a  coincidence 
pulse  arriving  at  the  same  time.  The  bias  on  the 
grid  of  the  mixing  tube  is  arranged  to  produce 
no  effect  when  pulses  from  the  anticoincidence 
counter  alone  arrive  at  this  stage.  The  result  is 
that  coincidences  are  recorded  only  when  a  par¬ 
ticle  traverses  the  three  coincidence  counters  in 
the  absence  of  a  particle  through  the  anticoin¬ 
cidence  counter. 


VI.  Proportional  Counters 


Almost  any  type  of  Geiger-Miiller  counter  may 
be  operated  as  a  proportional  counter.  However, 
in  general,  proportional  counters  are  usually 
filled  with  gases  or  mixtures  that  would  not  give 
satisfactory  operation  as  Geiger-Muller  count¬ 
ers.  The  close  relation  between  the  two  types  of 
counters  can  be  understood  by  examining  what 
occurs  in  the  counter  as  the  potential  across  it  is 
raised  in  steps  from  a  value  of  around  50  v  up 
to  that  required  for  operation  as  a  Geiger-Muller 
counter.  At  the  low  voltages  it  is  found  that  ions 
produced  in  the  gas  of  the  counter  are  merely 
collected.  No  new  ions  are  formed  so  that  the 
primary  ions  of  one  sign  produced  by  radiation 
are  collected  on  the  wire,  the  others  travelling 
to  the  cylinder.  Since  some  ions  recombine  dur¬ 
ing  this  interval,  actually  not  all  of  the  primary 
ions  are  collected.  Conditions  may  be  arranged 
to  reduce  this  loss  to  a  minimum.  Therefore,  at 
this  voltage  the  counter  operates  as  an  ionization 
chamber.  If  the  voltage  is  raised  to  a  few  hun¬ 
dred  volts,  it  is  found  that  distinct  pulses  appear 
corresponding  to  many  more  ions  than  were  pro¬ 
duced  in  the  primary  ionization  process.  These 
additional  ions  have  been  produced  as  the  result 
of  the  acceleration  of  the  primary  ions  in  the 
electric  field.  When  they  have  reached  velocities 
that  provide  them  with  the  amount  of  energy 


required  to  ionize  atoms  of  the  gas  they  may 
produce  a  new  pair  of  ions. 

This  process  may  be  multiplied  many  times 
before  those  ions  proceeding  toward  the  wire 
have  reached  it.  This  process  is  called  gas  am¬ 
plification.  The  amount  of  this  amplification  in 
a  specific  case  will  depend  on  a  number  of  fac¬ 
tors,  such  as  the  nature  and  pressure  of  the  gas, 
the  dimensions  of  the  components  of  the  counter, 
and  the  voltage  applied  to  it.  In  the  average  pro¬ 
portional  counter  a  gas  amplification  of  about  a 
thousand  may  be  obtained.  In  this  region  it  will 
be  found  that  the  size  of  the  pulses  are  propor¬ 
tional  to  the  number  of  primary  ions.  Hence, 
this  is  the  proportional  region,  and  the  counter 
operates  as  a  proportional  counter.  Alpha  par¬ 
ticles  produce  large  pulses  and  beta  particles 
much  smaller  pulses.  Gamma  rays  produce  an 
almost  undetectable  effect. 

If  the  voltage  across  the  counter  is  increased 
to  the  order  of  1,000  v,  a  change  is  noted  in  the 
pulses.  They  become  much  larger  and  very  nearly 
uniform  in  ^ize,  at  a  given  voltage,  regardless 
of  the  primary  ionization.  Gamma-ray,  beta-ray, 
and  alpha-particle  pulses  are  indistinguishable. 
This  is  the  Geiger  region,  previously  mentioned. 
This  is  illustrated  in  figure  33,  where  two  curves 
are  plotted,  one  showing  the  logarithm  of  the 
two  pulse  sizes  for  gamma  rays  and  alpha  rays, 
the  other  showing  the  logarithm  of  the  ratio  of 
these  pulses.  The  figures  on  which  these  curves 
are  based  are  arbitrarily  selected  from  possible 
values  and  are  used  merely  to  illustrate  qualita¬ 
tively  the  distinction  between  pulses  produced 
only  by  primary  ions,  those  resulting  from  pro¬ 
portional  gas  amplification,  and  Geiger-Muller 
pulses.  In  the  range  up  to  about  400  v,  only  pri¬ 
mary  ions  are  collected ;  from  400  to  800  v,  pulses 
are  proportional  to  the  number  of  primary  ions ; 
and  above  1,100  v  the  size  of  the  pulse  is  inde¬ 
pendent  of  the  number  of  primary  ions.  In  the 
Geiger-Muller  region  the  pulses  grow  in  size  in 
proportion  to  the  over-voltage  but,  since  we  have 
plotted  the  logarithms  to  bring  the  graph  to  a 
convenient  scale,  this  increase  is  scarcely  no¬ 
ticeable  in  the  curve. 
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Actually  there  is  a  region  of  transition  be¬ 
tween  each  particular  type  of  operation.  The 
sharpness  of  the  transition  depends  on  the  vari¬ 
ous  factors  that  control  the  operation  of  this 
type  of  device.  In  the  construction  of  propor¬ 
tional  counters  the  components  are  arranged  to 
provide  proportional  characteristics  over  a  con¬ 
siderable  range  of  voltage.  This  is  accomplished 
by  making  the  diameter  of  the  center  wire  or 
electrode  with  a  radius  large  compared  to  that 
used  in  Geiger-Miiller  counters  and  by  choosing 
a  filling  gas  and  pressure  that  contributes  to  the 
stability  over  a  large  range  of  voltage. 

1.  Construction  of  Proportional 
Counters 

The  actual  form  of  a  proportional  counter  de¬ 
pends  in  part  on  the  use  that  is  to  be  made  of  it. 
A  few  typical  designs  are  given  that  will  illus¬ 
trate  some  of  the  possible  forms. 

Some  proportional  counters  are  only  slight 
modifications  of  the  Geiger-Miiller  counter.  They 
have  the  conventional  tubular  cathode  with  a 
center  wire  usually  several  times  the  radius  of 
that  regularly  used  in  Geiger-Miiller  counters. 
They  are  filled  with  an  appropriate  gas  at  a  con¬ 
siderably  higher  pressure  than  is  used  in  the 
Geiger-Miiller  counter.  This  pressure  may  be 
anything  from  greater  than  atmospheric  pres¬ 
sure  down  to  a  quarter  of  an  atmosphere.  Since 
these  counters  can  be  operated  at  atmospheric 
pressure  a  window  of  greater  size  can  be  used. 
This  choice  is  frequently  made,  since  it  permits 
the  use  of  thin  windows  of  larger  size.  If  it  is 
desired  to  operate  them  at  relatively  low  volt¬ 
ages,  helium  or  argon  may  be  used  as  a  filling 
gas. 

Proportional  counters  can  be  made  in  two  gen¬ 
eral  types.  One  is  similar  in  construction  to  the 


Figure  33.  Curves  showing  the  relation  of  pulse  sizes 
from  alpha  particles  and  gamma-ray  photons  for  vari¬ 
ous  voltages  on  a  counting  tube. 
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Figure  34.  Tubular  proportional  counter. 

Wrrthin  window;  SS=metal  shields  to  define  the  effective  length  of 
the  center  wire. 


Figure  35.  End-window  proportional  counter. 

C=metal  tube;  RR=:8upporting  insulating’  rings;  B=gla3S  bead;  SS 
=metal  shields;  K=Kovar  seals;  W=thin  window;  T=tube  for  filling 
and  scaling. 


B=metal  ball;  F=metal  foil;  I=insulator;  G=:guard  ring;  W=thin 
window. 


Geiger-Miiller  tube  counter.  It  differs  essentially 
from  the  tube  counter  only  in  the  pressure  of  the 
gas  used  in  filling  it.  To  detect  the  pulses  pro¬ 
duced  in  the  proportional  region  it  is  necessary 
to  use  a  more  sensitive  amplifier  that  should  give 
a  linear  amplification  over  a  considerable  range 
of  input  pulses.  This  linearity  is  necessary  if  full 
advantage  is  to  be  taken  of  the  proportional  am¬ 
plification  in  the  counter. 

Figure  34  shows  a  typical  tubular  type  of  pro¬ 
portional  counter,  provided  with  a  thin  window, 
W,  on  one  side  of  the  tube.  A  thin  window  pro¬ 
portional  counter  offers  the  possibility  of  count¬ 
ing  alpha  particles  and  protons  in  the  presence 
of  beta  and  gamma  rays.  The  pulses  from  the 
different  types  of  radiation  can  be  distinguished 
as  a  result  of  differences  in  the  number  of  ions 
per  centimeter  produced  in  the  primary  ioniza¬ 
tion  by  these  particles.  The  discrimination  is 
usually  accomplished  electronically  by  a  suitable 
bias  in  the  detecting  circuit  that  excludes  the 
small  pulses  produced  by  beta  and  gamma  rays. 

An  end- window  form  of  the  proportional  tube 
counter  is  shown  in  figure  35.  The  radiation  to 
be  detected  enters  the  window  at  W.  The  cathode 
C  is  supported  by  insulating  rings,  RR,  so  that 
the  housing  may  always  be  maintained  at  ground 
potential.  This  type  of  counter  may  be  filled 
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and  sealed  permanently  by  means  of  the  copper 
tube  T. 

Another  form  of  proportional  counter  is  the 
ball-counter  shown  in  figure  36.  The  central  elec¬ 
trode  terminates  in  a  polished  metal  ball  1  to  2 
mm  in  diameter.  The  cathode  cylinder  has  a  thin 
aluminum  foil,  F,  across  the  front  end  to  pro¬ 
vide  an  active  volume  between  B  and  F,  where 
the  primary  ions  undergo  gas  amplification.  A 

VII.  Preparation  and  Filling 

Considerable  diversity  of  opinion  exists  re¬ 
garding  various  details  of  the  preparation  of  the 
electrodes  of  counters.  Many  procedures  have 
been  proposed  that  are  unnecessary  in  the  prepa¬ 
ration  of  good  counters.  A  few  precautions  must 
be  observed  if  a  counter  is  to  maintain  its  char¬ 
acteristics  over  a  reasonable  period.  Among 
these  are  the  following.  (1)  All  interior  surfaces 
must  be  clean  in  the  usual  sense  of  being  free  of 
dust,  grease,  or  other  extraneous  substances.  If 
these  parts  are  carefully  rinsed  in  acetone  or 
similar  solvent  just  prior  to  assembly  there  is 
no  necessity  for  baking  the  counter  out  on  a  dif¬ 
fusion  pump  before  filling;  (2)  the  interior  sur¬ 
faces,  including  that  of  the  center  wire,  should 
be  smooth  and  well  polished  for  best  results ;  (3) 
the  counter  should  be  flushed  with  the  filling  gas 
several  times  before  the  final  filling.  With  these 
precautions  a  thoroughly  vacuum-tight  counter 
will  have  a  useful  life  determined  by  the  number 
of  counts  that  can  pass  through  it  without  alter¬ 
ing  the  nature  of  the  filling  mixture.  It  can  also 
be  expected  to  have  a  plateau  with  a  slope  of 
2  to  3  percent  per  hundred  volts  over  a  range  of 
at  least  150  v. 

A  great  variety  of  metals  may  be  used  for  the 
electrodes.  The  center  Vv^ires  are  frequently  of 
polished  steel  or  tungsten,  but  other  metals  will 
function  equally  well  if  they  are  not  corroded  by 
the  filling  mixture.  Some  authors  recommended 
that  the  center  wires  be  glowed  by  passing  an 
electric  current  through  the  wire  while  the 
counter  is  evacuated,  prior  to  filling.  If  the  center 
wire^  is  smooth,  this  procedure  is  unnecessary 
and  in  many  forms  of  counters  it  is  impossible 
to  arrange  for  this  procedure. 

1.  Filling  Procedure 

For  counters  that  are  made  largely  of  metal  or 
have  heavy  metal  electrodes,  a  very  simple  filling 
system  is  adequate.  No  diffusion  pump  is  re¬ 
quired,  since  very  little  gas  can  be  removed  from 
metals  at  temperatures  that  the  various  soldered 
joints  in  metal  counters  will  withstand.  There 
is  very  little  evidence  that  prolonged  pumping 
with  diffusion  pumps  improves  the  properties  of 
a  counter,  in  any  case.  Most  counters  made  at 
present  are  of  the  self-quenching  type,  so  that 
provision  must  be  made  to  introduce  an  organic 
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somewhat  heavier  metal  window  at  W  seals  the 
counter.  Potentials  of  the  order  of  2,000  v  may 
be  required  in  the  operation  of  this  counter. 
Therefore,  it  is  advisable  to  include  a  grounded 
guard  ring,  Gi,  which  protects  the  central  elec¬ 
trode  from  leakage  pulses  from  the  cathode. 
Counters  of  this  type  are  usually  used  in  experi¬ 
ments  where  it  is  not  necessary  to  have  them 
permanently  filled  and  sealed. 

of.Geiger-Miiller  Counters 

vapor  and  a  noble  gas,  usually  argon,  into  the 
counter.  The  necessary  parts  to  accomplish  this 
are  shown  in  the  diagram  in  figure  36.  Various 
procedures  for  obtaining  the  correct  ratio  of 
vapor  to  gas  in  counters  have  been  made.  A  sat¬ 
isfactory  procedure,  using  the  system  shown  in 
figure  37,  is  to  evacuate  all  parts  of  the  system, 
closing  the  stopcock  on  the  organic  liquid  reser¬ 
voir  as  soon  as  the  air  has  been  expelled.  The 
stopcock  on  the  liquid  reservoir  is  then  closed. 
Barring  accidents  this  bulb  need  not  be  evacu¬ 
ated  again.  Evacuation  is  continued  until  an  ap¬ 
parent  vacuum  is  obtained,  with  the  stopcocks 
open  to  the  counter.  The  system  exclusive  of  the 
vapor  reservoir  is  then  flushed  with  argon  from 
the  cylinder  by  admitting  the  gas  to  about  at¬ 
mospheric  pressure,  as  observed  on  the  pressure 
gauge,  closing  the  cylinder  valve  and  reevacuat¬ 
ing.  A  pressure  gauge  reading  —30  to  +30  in. 
Hg  pressure  is  convenient  for  this  purpose.  The 
system  including  the  counter  is  again  filled  to 
atmospheric  pressure  with  gas  from  the  cylinder 
and  the  stopcock  to  the  gas  reservoir  closed.  The 
gas  in  this  reservoir  is  used  for  filling  and  flush¬ 
ing  counters.  Now  the  system  exclusive  of  the 
reservoir  is  evacuated,  the  stopcock  to  the  pump 
closed,  and  organic  vapor  admitted  to  the  counter 
to  a  pressure  of  several  centimeters  as  read  on 
the  mercury  manometer.  In  many  cases  this  will 
be  the  total  vapor  pressure  of  the  liquid.  The 
stopcock  to  the  liquid  reservoir  is  then  closed 
and  time  allowed  for  the  vapor  pressure  to  be¬ 
come  constant.  Then  the  vapor  is  pumped  down 
to  the  pressure  desired  for  filling  the  counter. 
This  will  usually  be  between  1  and  2  cm  on  the 
mercury  manometer,  since  a  ratio  of  1:10  of 
vapor  to  gas  usually  gives  best  results.  The  stop¬ 
cock  to  the  pump  is  closed  and  gas  admitted 
from  the  gas  reservoir  until  the  total  pressure  is 


at  the  desired  value,  usually  from  8  to  15  cm.  The 
stopcocks  on  the  individual  counters  may  now  be 
closed  and  several  hours  allowed  for  the  gas  mix¬ 
ture  to  come  into  equilibrium.  The  counters 
should  be  tested  for  starting  voltage  and  plateau 
before  they  are  sealed  off.  This  allows  them  to  be 
refilled  if  the  first  filling  did  not  give  the  desired 
characteristics.  Although  many  organic  vapors 
have  been  tried  successfully,  such  as  amyl  ace¬ 
tate,  ether,  and  pentane,  in  self-quenching 
Geiger-Muller  counters,  alcohol  is  generally  most 
satisfactory  for  the  laboratory  worker  who  pre¬ 


pares  his  own  counters. 

In  use,  counters  should  be  protected  from  ex¬ 
posure  to  light  and  from  excessive  variations  in 
temperatures.  Changes  of  temperature  affect  the 
starting  voltage  and  may  alter  the  shape  of  the 
plateau.  Individual  counters  vary  considerably 
in  this  respect.  For  an  alcohol-argon  mixture 
fluctuations  in  temperature  of  a  few  degrees 
produce  no  serious  changes  in  operating  charac¬ 
teristics  if  the  counter  has  a  fairly  level  plateau 
over  a  range  of  150  v  and  is  operated  near  the 
middle  of  the  plateau. 
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